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ABSTRACT 
A plunging jet is defined as the impingement of a rapid jet into a slower body of fluid. Applications 
may be found both in the nature and industry. At the impingement of the jet into the receiving 
liquid, air bubbles may be entrained when the impact velocity exceeds a critical velocity. Herein 
new experiments were conducted with a supported planar plunging jet. Measurements were 
performed in a relatively large-size facility, based upon imaging and air-water flow measurements, 
with jet impact velocities between V1 = 0.90 m/s and 7.43 m/s within jet lengths x1 = 0.01 to 0.35 
m. The free-falling jet flow conditions were first documented for nozzle velocities between Vo = 
2.06 m/s and 7.30 m/s. Using a Phantom ultra-high-speed video camera (frame rate up to 22,000 fps 
with full HD resolution), the flow features next to the impingement point were investigated. The 
onset of air entrainment took place for a impact velocity Ve = 0.9 m/s to 1.1 m/s depending upon the 
jet length. At low impingement velocities with V1 > Ve, four individual mechanisms of air bubble 
entrainment were observed: air bubble pre-entrainment in the free jet, breakup of an elongated air 
cavity, single bubble entrapment and bubble re-entrainment. While single bubbles constituted the 
majority of entrained air entities at the air bubble entrainment onset, the formation and detachment 
of elongated air cavities became the predominant air entrainment mechanism for larger impact 
velocities. The bubble breakup process was investigated both qualitatively and quantitatively, with 
observations of three different breakup mechanisms: explosion, split and dejection. Coalescence of 
bubbles was often observed, and different mechanisms were highlighted: rebound, kiss and go, true 
coalescence, and breakup due to coalescence. In the plunge pool, the air-water flow properties were 
measured with an intrusive phase-detection probe for V1 = 2.5 m/s to 7.4 m/s. The experiments 
showed an intense air-water mixing downstream of the impingement point. The development of air 
diffusion layer and turbulent shear layer was characterised by the streamwise evolution of void 
fraction, bubble count rate, bubble chord length and interfacial velocity profiles. The clustering 
properties were derived using the near-wake criterion and results were similar to those in hydraulic 
jumps. The air-entrainment rate was derived from the void fraction and interfacial velocity profile 
measurements. The results compared favourably with the literature, albeit some difference was 
observed. 
 
Keywords: Plunging jet, Air bubble entrainment, Vertical two-dimensional jet, Physical study, Air 
entrainment inception, Air entrainment rate. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A bubble area (m2); 
a bubble elliptical semi-major axis; 
B jet width (m); 
b bubble elliptical second semi-minor axis; 
Bo nozzle width (m); 
C time-averaged void fraction defined as volume of air per unit volume of air and water;  
Cmax  maximum time-averaged void fraction in the turbulent shear region;  
Dt air bubble turbulent diffusivity (m
2/s); 
D# dimensionless air bubble diffusivity: D# = Dt/(V1×d1); 
d jet thickness (m); 
dB jet thickness (m) deduced from Bernoulli and continuity equations; 
de equivalent clear water jet thickness (m): 
 
90Y
e
0
d (1 C) dy   ; 
do nozzle thickness (m); 
d1 clear water jet thickness at  impact location (m); 
F bubble count rate defined as the number of bubbles per second (Hz); 
Fclu cluster count rate defined as the number of clusters per second (Hz); 
(Fclu)max maximum cluster count rate (Hz); 
Fmax maximum bubble count rate (Hz); 
Fscan sampling frequency (Hz); 
Fr Froude number: Fr = V/(g×d)0.5; 
Fr1 inflow Froude number: Fr1 = V1/(g×d1)0.5; 
g gravity acceleration (m/ s2): g = 9.80 m/s2 in Brisbane, Australia; 
H total head (m); 
K coefficient related to a constant eddy viscosity by: 
 1 1
T
1K (x x ) V
4
    ; 
Mo Morton number: Mo = (g×μw4)/(ρw×σ3);  
Nclu average cluster size defined as the average number of particles per cluster; 
(Nclu)max local maximum average cluster size in turbulent shear region; 
N number of sample point in signal; 
Patm atmospheric pressure (Pa); 
Pclu proportion of bubbles in clusters; 
(Pclu)max maximum proportion of bubbles in clusters in the shear layer; 
Pt time-averaged total pressure (Pa) relative to the atmosphere; 
Ps time-averaged static pressure (Pa) relative to the atmosphere; 
 vi 
pt,std instantaneous pressure (Pa) derived from the signal's standard deviation; 
pt,75-25 instantaneous pressure (Pa) derived from the signal's first and third quartiles; 
pt standard deviation of total pressure (Pa); 
ps standard deviation of static pressure (Pa); 
Qair air flux (m3/s); 
Qw water flow rate (m3/s); 
qair air flux per unit width (m2/s); 
qw water discharge per unit width (m2/s); 
R normalised coefficient of correlation; 
Re1 jet Reynolds number: Re1 = ρw×V1×d1/μw; 
Rex local Reynolds number defined as: 
  w 1x
w
1V x xRe
     ; 
Rxx normalised auto-correlation function; 
Rxx’ normalised cross-correlation function between the signals of double-tip phase-detection 
probe sensors with a longitudinal separation; 
r radial distance (m); 
St Strouhal number: St = F×d/V, where F is a frequency; 
t time (s); 
T average air-water interfacial travel time (s) between two phase-detection probe tips; 
Tscan sampling duration (s); 
Txx auto-correlation time scale (s); 
Txx' cross-correlation time scale (s) for band-pass filtered signal component based on two 
probe signals with longitudinal separation; 
T0.5 characteristic time lag (s) in the auto-correlation function for which Rxx = 0.5; 
Tu turbulence intensity; 
(tch)a air chord time (s); 
(tch)w water chord time (s); 
u dimensionless variable; 
ur bubble rise velocity (m/s); 
V air-water interfacial velocity (m/s); 
Vb bubble velocity (m/s); 
Vo nozzle velocity (m/s); 
V1 jet impact velocity (m/s); 
Ve onset velocity (m/s) of air bubble entrainment; 
Vmax maximum air-water interfacial velocity (m/s) in the free-stream; 
Vx longitudinal velocity component (m/s); 
We Weber number; 
Wee onset Weber number of air bubble entrainment Wee = ρw×Ve2×d1/σ; 
We1 Weber number at impingement: We1 = ρw×V12×d1/σ; 
 vii 
v' standard deviation of instantaneous velocity (m/s); 
v1' standard deviation of jet impact velocity (m/s); 
x longitudinal distance below the jet nozzle (m); 
x1 free jet length (m); 
YCmax  longitudinal elevation (m) where the void fraction in the shear layer is maximum (C = 
Cmax); 
YFmax normal position (m) of the maximum bubble count rate;  
YF(clu)max  normal position (m) of the maximum cluster count rate; 
Y10 normal position (m) where the void fraction is equal to 0.10; 
Y50 normal position (m) where the void fraction is equal to 0.50; 
Y90 normal position (m) where the void fraction is equal to 0.90; 
y distance (m) measured normal to the PVC jet support (m); 
y50 normal position (m) where the average velocity is half maximum: y50 = y(V = Vmax/2);  
z transverse distance (m) from the jet centreline;  
Δx longitudinal separation distance (m) between the double-tip phase-detection probe tips; 
Δz transverse separation distance (m) between two phase-detection probe tips;  
Ø diameter (m); 
δ boundary layer thickness (m); 
δ1 displacement thickness (m); 
δ2 momentum thickness (m); 
λ dimensionless coefficient of near-wake length scale; 
μ dynamic viscosity (Pa.s); 
T eddy viscosity (m2/s); 
ρ fluid density (kg/m3); 
σ surface tension between air and water (N/m); 
σstd standard deviation; 
 time lag (s); 
0.5 characteristic time lag (s) in the cross-correlation function for which Rxx’(T+τ0.5) = 
(Rxx’)max/2; 
 
Subscript  
ADM acoustic displacement meter data; 
a air; 
air air flux; 
clu cluster; 
lead leading tip; 
max maximum value; 
min minimum value; 
P time-averaged total pressure; 
p pressure fluctuations; 
 viii 
std standard deviation; 
trail trailing tip; 
w water; 
x longitudinal flow property; 
y   normal flow property; 
o nozzle flow conditions; 
1 flow conditions at jet impact; 
10 for void fraction equals to 0.10; 
25 first quartile; 
50 for void fraction equals to 0.50; 
75 third quartile; 
90 for void fraction equals to 0.90; 
 
Subscript  
max longitudinal maximum; 
 
Abbreviations 
ADM acoustic displacement meter; 
AEB advanced engineering building; 
C Celsius; 
fps frames per second; 
HD high definition; 
ID internal diameter; 
MEMS micro-electro-mechanical system; 
Nb number; 
OD external diameter; 
PDF probability density function; 
PTFE polytetrafluoroethylene; 
PVC polyvinyl chloride; 
Std standard deviation; 
s second; 
UQ the University of Queensland. 
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1. INTRODUCTION 
1.1 PRESENTATION 
A plunging jet is defined as the impingement of a rapid jet into a slower body of fluid. For example, 
a plunging breaking wave illustrated in Figure 1-1A or a waterfall impacting a receiving pool of 
water (Fig. 1-1B). Examples of plunging jet situations may include a vertical plunging jet, a 
horizontal hydraulic jump, a breaking tidal bore, a liquid jet impacting a solid (or moving) 
boundary. At the impingement of the jet into the receiving liquid, air bubbles may be entrained 
when the impact velocity exceeds a critical velocity. Industrial applications may range from dam 
spillway (Fig. 1-1C) and drop structures (Fig. 1-1E & 1-1D), water treatment plants (Fig. 1-1F), 
photograph film production (KENNEDY and BURLEY 1977),  
 
 
(A) Plunging breaking wave at Main Beach, North Stradbroke Island (Australia) on 17 October 
2015 
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(B) Multnomah Falls, Columbia River Gorge, Oregon (USA) on 30 June 2016 
 
(C) Plunging jet downstream of Wivenhoe dam spillway (Australia) on 18 October 2010 
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(D) Drop structures at JuiFeng Township (Taiwan) on 6 January 2016 
 
(E) Drop structure in operation during a small flood in Hualien County (Taiwan) on 3 January 2016 
- Note the brown colour of the waters indicating the sediment suspended load 
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(F) Plunging jet at Molendinar Water Purification Plant, Cold Coast (Australia) on 4 September 
2002 
Fig. 1-1 - Photographs of plunging jet applications and air entrainment 
 
Air entrainment takes place at the plunge point when the impinging velocity exceeds a critical value 
(McKEOGH and ERVINE 1981, CUMMINGS and CHANSON 1999, CHANSON 2009), and 
bubbles are advected in large-scale turbulent structures into deep water before being dispersed or 
driven to free-surface by buoyancy (BIN 1993, CHANSON 1997). While the air entrainment 
regimes and bubble-turbulence interplay are of fundamental concerns to the fluid mechanics 
community, the associated enhancements in flow aeration, energy dissipation and fluid mixing may 
have major implications in industrial and environmental applications (VAN DE SANDE and 
SMITH 1976, ERVINE 1998, KIGER and DUNCAN 2012, WANG et al. 2017). 
The bubble entrainment mechanisms at plunging jets were studied experimentally for a range of jet 
conditions (e.g. fluid viscosities, jet speeds, disturbance levels), albeit most studies focused on 
circular jets (VAN DE SANDE and SMITH 1973, CHIRICHELLA et al. 2002, CHANSON et al. 
2004,2006) The significance of impact velocity on bubble entrainment inception and entrainment 
rate was evidenced in literature, while the jet length and initial turbulence level played also critical 
roles (VAN DE SANDE 1974, VAN DE DONK 1981, ZHU et al. 2000, SOH et al. 2005). Physical 
studies of the bubbly flow region beneath the receiving water surface encompassed flow imaging, 
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laser Doppler velocimetry, particle imaging velocimetry and phase-detection probes (McKEOGH 
and ERVINE 1981, BONETTO and LAHEY 1993, CUMMINGS and CHANSON 1997a,b, 
BRATTBERG and CHANSON 1998, QU et al. 2013). The experimental data enabled a better 
understanding of air entrainment mechanisms and bubble transport regimes, providing validation 
data sets for computational multiphase flow models (RICHARDS et al. 1994, ERVINE 1998, 
BOMBARDELLI 2012). A few studies tested experimentally seawater and saltwater solutions 
under controlled flow conditions (e.g. CHANSON et al. 2006, CALLAGHAN et al. 2014, SALTER 
et al. 2014). In strongly aerated regions, the results showed differences between freshwater, 
saltwater (synthetic seawater) and genuine seawater in terms of void fraction and bubble sizes. 
Despite differences in trends, an overall conclusion was that large amount of air bubbles were 
entrained in all solutions, and the majority of bubbles in the aerated flow region had radii on the 
order of a millimetre (LUBIN and CHANSON 2017). 
The bubble-turbulence interplay, however, has not been investigated in fine details at large physical 
scale, because of the complexity of air-water flow motion as well as the limitation of two-phase 
flow measurement techniques. 
 
1.2 STRUCTURE OF THE REPORT 
The present study focused on two-dimensional supported water jets impinging into a relatively large 
receiving water body at rest. At low approaching velocities, the entrainment of individual air 
bubbles and packets was documented, based on imaging flow measurements. The air-water flow 
properties were measured with an intrusive phase-detection probe at higher inflow velocities. The 
report presents the experimental results, with a focus on the bubble-turbulence interaction in 
plunging jet flows using advanced flow measurement and data processing techniques. 
After a description of the experimental apparatus, instrumentation and signal processing techniques 
(Section 2), the air-water flow characteristics of the free-falling jets are detailed in Section 3. The 
flow visualisation results are presented in Section 4. The air-water flow measurements, based upon 
phase-detection probe measurements, are developed in Section 5. The main sections are 
complemented by a series of appendices, dealing with air bubble diffusion at vertical plunging jets 
and high-velocity water jets (Appendix A), interfacial turbulence intensity estimated in air-water 
flows (Appendix B), photographic observations (Appendix C), a series of sensitivity analyses of 
phase-detection conductivity needle probe system (Appendix D), followed by the free-falling jets 
data (Appendix E) and the vertical plunging jet data (Appendix F). 
 
6 
2. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
2.1 PRESENTATION 
Fundamental analysis of two-phase air-water turbulent flows is based upon a large number of 
relevant equations to describe the flow motion. Physical modelling may provide some insights if a 
suitable dynamic similarity is selected (HENDERSON 1966, NOVAK and CABELKA 1981). The 
relevant dimensional parameters involved in the physical modelling of vertical plunging jets 
encompass the fluid properties, boundary conditions, inflow conditions, local two-phase flow 
properties including microscopic turbulent flow properties, macroscopic free-surface and time-
dependant flow properties and physical constants. 
Considering a vertical two-dimensional plunging jet, a simple dimensional analysis may yield a 
series of dimensionless relationships in terms of the air-water flow properties at a location (x, y) 
beneath the plunge point (CHANSON 2004,2009,2013): 
 
clu 1 air1 xx 1
1 1 1 1 1 1 1
4
w 1 1 w1 1 1 1
3
1 1 1 1 w w1
F d qF d T VV v 'C, , , , , , ,...
V V V d V V d
V d gx x x v ' VyF , , , , , , ,...
d d d V g d
  
         
 (2.1) 
where C is the void fraction, F is the bubble count rate, d1 is the jet thickness at impingement, V1 is 
the jet impact velocity, V is the interfacial velocity, v' is a characteristic turbulent velocity, Txx is an 
auto-correlation time scale, Fclu is the cluster count rate, qair is the air flux, x is the longitudinal 
coordinate, y is the normal coordinate, x1 is the free-jet length, v1' is a characteristic jet turbulent 
velocity at impingement, g is the gravity constant, w is the water density, w is the water dynamic 
viscosity and σ is the surface tension between air and water, with the subscript 1 referring to the 
impingement location. In Equation (2.1), right handside, the fifth, sixth and seventh dimensionless 
terms are the Froude number Fr1, Reynolds number Re1 and Morton number Mo respectively. Note 
indeed that the Weber number We1 was replaced by the Morton number based upon the Π-
Buckingham theorem since (KOBUS 1984, WOOD 1991, CHANSON 1997, PFISTER and 
CHANSON 2014): 
 
4 3
w 1
3 2 4
w 1 1
g WeMo
Fr Re
     (2.2) 
When the same fluids are used in both laboratory and prototype, the Morton number becomes an 
invariant. Traditionally, plunging jets are studied based upon a Froude similarity (HENDERSON 
1966, CHANSON 2004). However, air-water turbulent shear flows are dominated by viscous 
effects and mechanisms of breakup and coalescence are dominated by surface tension forces. Thus 
a true air-water flow dynamic similarity requires identical Froude, Reynolds and Morton numbers in 
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both laboratory and full-scale prototype: that is impossible unless working at full scale (CHANSON 
2013). Herein detailed air-water flow experiments were conducted in a relatively large-size facility 
operating with 3104 < Re1 < 1105, ensuring that the results may be extrapolated with negligible 
scale effects (WOOD 1991, CHANSON 1997, 2013). 
 
2.2 EXPERIMENTAL SETUP 
A new series of experiments were conducted to investigate the air entrainment and turbulence in a 
vertical supported plunging jet (Fig. 2-1). The experiments were conducted in the Advanced 
Engineering Building (AEB) hydraulics laboratory of the University of Queensland (UQ). 
The experimental apparatus consisted of a planar water jet issued from a 0.269 m by 0.012 m 
rectangular nozzle, discharging downwards into a receiving tank, 2.5 m long, 1 m wide and 1.5 m 
deep. The supported-jet nozzle was made of 6 mm thick PVC with lateral perspex windows for flow 
visualisation and the jet support length was 0.35 m (Fig. 2-1) (1). The supported free-falling jet had 
an angle of 89° with the horizontal to prevent flow detachment from the PVC support. The plunging 
jet experimental apparatus is presented in Figure 2-1 and further photographs are shown in 
Appendix C. 
The water was Brisbane's tap water. The water supply came from two different sources: either (a) a 
constant-head tank delivering water discharges up to 0.0137 m3/s, or (b) a high-head pump, 
providing flow rates up to 0.038 m3/s. The water discharge was measured with orrifice/Venturi 
meters installed in the supply lines, and previously calibrated with a volume per time method within 
about 2%. The flow rate data were further compared to the equation of conservation of mass, by 
integrating the velocity and void fraction distributions in the free-falling jet flows. The results are 
presented in Appending E and they showed a difference between 2% and 7.5% depending upon the 
flow rate. 
The displacement of the probes in the directions along the jet and normal to the jet support were 
controlled by two fine adjustment travelling mechanisms (2) and the probe position was measured 
by two Lucas Schaevitz Magnarule Plus™ sensors (3). Each Magnarule Plus was calibrated in the 
laboratory with a milli-machine Vamamo™ (Type U2-MM) equipped with a Sony™ GP20 
                                                 
1 The nozzle was originally designed by CHANSON (1995a) and CUMMINGS (1996), and used by 
CUMMINGS and CHANSON (1997a,b, 1999), BRATTBERG and CHANSON (1988) and CHANSON and 
BRATTBERG (1998). 
2 manufactured at the University of Queensland. 
3 Lucas Schaevitz Magnarules Plus™ MRU-012 in the normal direction and Lucas Schaevitz Magnarules 
Plus™ MRU-036 in the longitudinal direction, both with a specified accuracy of 0.01 mm. 
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Magnescale connected to a digital positioning readout SonyTM LM20C (accuracy: 0.015 mm). The 
overall error in the longitudinal and normal positions of the probes was less than 0.1 mm in each 
direction. 
 
 
(A) Sketch of the supported plunging jet facility 
 
(B) Photograph of the facility in operation 
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(C) Details of the plunging jet facility: Left: Detail of the nozzle; right: plunging jet planar view 
Fig. 2-1 - Plunging jet experimental facility at the University of Queensland 
 
2.3 INSTRUMENTATION 
Observations of the impinging flow characteristics were recorded using a Phantom Ultra-high-speed 
digital camera (v2011) equipped with a Carl Zeiss Planar T*85mm f/1.4 lens, producing images 
with an absolutely negligible degree (~0.1%) of barrel distortion. The camera system was able to 
record up to 22,000 monochrome frames per second in high-definition (1280800 pixels, pixel size 
28 µm) or 1,000,000 frames per second in low-definition (12816 pixels). Herein the recording was 
set between 600 fps to 10,000 fps in high-definition, and the total number of recorded frames was 
33,285 frames, independently of the frame rate. The video movies were analysed manually to 
guarantee maximum reliability of the data. The camera was positioned beside the plunge pool. The 
observation window was 10 cm wide and 20 cm long, while the depth of field was less than 20 mm. 
The observations were two-dimensional, and three-dimensional patterns could not be recorded.  
The air-water flow properties were recorded using a double-tip phase-detection probe equipped with 
two needle sensors developed at the University of Queensland (Fig. 2-2). Each needle sensor 
consisted of a silver wire (Ø = 0.25 mm) insulated from the outer needle (4). The leading sensor was 
Δx = 0.0069 m ahead than the trailing sensor. The two sensors were aligned with the longitudinal 
direction, and designed to pierce the flowing bubbles/droplets. The transverse separation distance 
was Δz = 0.0022 m. Both sensors were excited simultaneously by an electronic system (Ref. 
UQ82.518) designed with a response time less than 10 μs. The sampling rate (20 kHz per sensor) 
and sampling duration (90 s) were derived from a sensitivity analysis (App. D). All measurements 
were taken on the channel centreline. 
                                                 
4 The inner electrode (Ø = 0.25 mm) was made of silver (99.99% purity), with some 24 m PTFE insulation 
coating. The outer electrode was a stainless steel hypodermic needle (304 stainless steel, ID=0.5mm, 
OD=0.8 mm). 
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(A) Photograph of the dual-tip phase-detection probe 
 
(B) Sketch of the dual tip conductivity probe 
Fig. 2-2 - Dual-tip phase-detection probe system 
 
The free-falling jet thickness and its fluctuations were recorded using two acoustic displacement 
meters (ADMs). The MicrosonicTM Mic+25/IU/TC sensors were vertically separated by Δx = 0.05 
m (Fig. 2-3). The sensors had a measurement range 30-250 mm, with 0.18 mm accuracy and a 
response time less than 32 ms. The ADM sensors were sampled at 50 Hz per sensor for 180 s. 
During the experiments, special care was taken to wipe regularly the sensors to avoid droplets or 
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water projection interferences. Nonetheless erroneous samples could be recorded for a number of 
reasons: e.g., non vertical free surface, measurement area too bubbly, out of range, droplets, splash. 
Such erroneous spikes did not reflect the real position of the free surface. The data were post-
processed manually and only a relatively small portion of points was removed (less than 10%). 
Clear-water velocity data were recorded using a Prandtl-Pitot tube in the free-falling jet. The Pitot 
tube was a Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm diameter tube made of corrosion 
resistant stainless steel, and featured a hemispherical total pressure tapping (Ø = 1.19 mm) at the tip 
with four equally spaced static pressure tappings (Ø = 0.51 mm) located 25.4 mm behind the tip 
(Fig. 2-4). The tip design met AMCA and ASHRAE specifications and the tube did not require 
calibration. The sampling duration was herein 240 s, and all measurements were taken on the 
channel centreline. In practice, the Prandtl-Pitot tube was affected by the presence of air bubbles in 
the flow, and the data were found to be unreliable when the void fraction exceeded 5-10%. Herein 
the Prandtl-Pitot tube was purged regularly to ensure that no bubble was trapped in the manometer 
tubes. 
 
 
Fig. 2-3 - Acoustic displacement sensors sampling the free-falling jet surface - Flow conditions: Vo 
= 5.4 m/s, xlead = 0.1 m, flow direction from top to bottom 
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Fig. 2-4 - Prandtl-Pitot tube - Left: details of the instrument; Right: Prandtl-Pitot tube in the free-
falling jet for Vo = 3.5 m/s, flow direction from top to bottom 
 
The time-averaged total pressure and instantaneous total pressure fluctuations were measured with a 
micro-electro-mechanical system (MEMS) (model MRV21, MeasureX), called herein total pressure 
sensor (WANG et al. 2015a, ZHANG and CHANSON 2016, ZHANG et al. 2016). The total 
pressure sensor consisted of a silicon diaphragm that was not affected by the presence of air 
bubbles. The sensor had a 5 mm outer diameter with a 1 mm diameter sensor, with an absolute 
pressure range between 0 and 1.5 bars with a precision of 0.5%. The maximum response frequency 
of the sensor was 100 kHz. Herein a sampling frequency of 2 kHz and sampling duration of 180 s 
were selected following ZHANG et al. (2016). As the output voltage of sensor was temperature and 
ambient-pressure sensitive, a static calibration was conducted twice per day. All measurements 
were taken on the channel centreline. 
 
Discussion: signal processing and analyses 
With the acoustic displacement meters, erroneous spikes were removed using a cut-off set at 5 times 
the standard deviation about the mean value. The time-average and standard deviation of post-
processed signals yielded the mean free-surface elevation η and its fluctuation η’ at the given 
measurement position. 
The intrusive phase-detection probe discriminated between air and water phases based upon the 
different electrical resistance of air and water. Following TOOMBES (2002) (5), the voltage signal 
was converted into instantaneous void fraction data, using a single threshold technique, the 
                                                 
5 see also CHANSON (2002a,2016), CHANSON and CAROSI (2007a,b), FELDER (2013), FELDER and 
CHANSON (2015). 
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threshold being set at 50 % of the air-water range. A number of air-water flow properties were 
derived from the thresholded signal analysis: i.e., time-averaged void fraction C, bubble count rate 
F, probability density function of bubble chord length, bubble clustering count rate Fclu, average 
number of bubbles per cluster Nclu, proportion of bubbles in clusters Pclu and probability density 
function of number of bubbles per cluster.  
Further air-water flow properties were derived from a cross-correlation analysis conducted on the 
raw voltage signal: i.e., time-averaged air-water interfacial velocity V, turbulence intensity Tu, 
auto-correlation time scale Txx. The time-averaged air-water interfacial velocity was calculated as: 
 xV
T
  (2.3) 
where T is the average interfacial travel time between the two probe sensors, Δx is the longitudinal 
distance between the leading and trailing tips. T is basically equal to the time lag for which the 
normalised cross-correlation function is maximum. The turbulence intensity was derived from the 
relative shape of the cross-correlation function compared to the auto-correlation function (App. B). 
After simplification, it yielded: 
 
2 2
0.5 0.5TTu 0.851
T
    (2.4) 
where τ0.5 is the time lag for which the normalised cross-correlation function is half of its maximum 
value: R(T+τ0.5) = Rmax(T)/2, with Rmax the maximum cross-correlation coefficient observed for a 
time lag τ = T, and T0.5 is the time lag for which the normalised auto-correlation function equals 0.5 
(CHANSON 2002a, CHANSON and TOOMBES 2002). 
The auto-correlation time scale Txx was derived from the integration of the auto-correlation function 
up to the first zero-crossing: 
 
xx(R 0)
xx xx
0
T R ( ) d
 
     (2.5) 
 
Discussion: experimental errors and accuracy 
The jet support angle was measured with an accuracy of about 0.5º. 
The water discharge was measured with an accuracy of about 2% (see discussion in App. E). 
The translation of the phase-detection probes and total pressure probe in the direction normal to the 
jet support was controlled with an error of less than 0.1 mm. The accuracy on the longitudinal 
sensor position was estimated as x < ± 0.1 mm. 
The accuracy of the acoustic displacement meter was ±0.2 mm. 
With the Prandtl-Pitot tube, the error on the velocity measurements V = 0.1 m/s. 
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With the double-tip phase-detection probes, the error on the void fraction measurements was 
estimated as: C/C  4% for 0.05 < C < 0.95, C/C  0.002/(1-C) for C > 0.95, and C/C  
0.005/C for C < 0.05. The minimum detectable bubble chord time was about 0.1 ms for a data 
acquisition frequency of 20 kHz per sensor. 
The scan frequency determined the resolution of the intrusive phase-detection probes, in terms the 
accuracy of chord size measurement, minimum detectable air/water chord length, and the accuracy 
of the interfacial velocity. The minimum measurable chord size was the smallest of the probe sensor 
size (0.25 mm) and: 
 
scan
Vch
F
   (2.6) 
where ch is the chord size, V is the velocity, and Fscan is the scan rate frequency. The minimum 
detectable chord time was 1/ Fscan provided that the air/water particles were larger than the sensor 
size. 
The error on the interfacial velocity was: 
 
scan
1V 1 V1
x F
  
  
 (2.7) 
where x is the longitudinal distance between probe sensors. Herein the scan frequency was 20 kHz 
per sensor and the longitudinal distance between probe sensor was: x = 6.9 mm. The error on the 
interfacial velocity was about 0.14 m/s in a 2 m/s flow with a data acquisition frequency of 20 kHz 
per sensor (Eq. (2.7)). 
With the dual-tip phase-detection probes, the analysis of the velocity and chord length data implied 
no slip between the air and water phases. The error on the mean air-water velocity measurements 
was estimated as: V/V  5% for 0.05 < C < 0.95 , V/V  10% for 0.01 < C < 0.05 and 0.95 < C < 
0.99 (CHANSON and BRATTBERG 1997). The guidelines are consistent with Equation (2.7). 
With the phase-detection probes, the minimum detectable bubble chord length was about 0.1 mm in 
a 2 m/s flow based upon a data acquisition frequency of 20 kHz per sensor (Eq. (2.6)). 
 
2.4 EXPERIMENTAL FLOW CONDITIONS 
A broad range of flow conditions and sampling methods were tested in the plunging jet physical 
apparatus. All experiments were performed with Brisbane's tap water and the Morton number was 
Mo = 2.510-11. Two series of experiments were conducted: (1) free-falling jet measurement using 
phase-detection probe, Prandtl-Pitot tube, ADM sensors and total pressure sensor, and (2) plunging 
jet measurement beneath the impingement point using ultra-high-speed video camera and phase-
detection probe. A summary of the range of flow conditions is presented in Tables 2-1 and 2-2, 
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while Table 2-3 regroups the sampling rate and duration of each instrument. 
In the free-falling jet, three cross-sections were investigated at x = 0.03, 0.065 and 0.100 m. Visual 
observations of plunging jets were conducted with jet lengths 0.01 m < x1 < 0.35 m for jet impact 
velocities 0.9 m/s < V1 < 7.4 m/s. Phase-detection probe measurements in the plunge pool were 
performed with a jet length x1 = 0.10 m and impact velocities 2.5 m/s < V1 < 7.4 m/s (Table 2-2). 
 
Table 2-1 - Free-falling jet investigations (Present study) 
 
Instrumentation Jet length 
x1 (m) 
Instrument 
position 
x (m) 
Discharge 
Qw (m3/s) 
Nozzle 
velocity 
Vo (m/s) 
Froude 
number 
Fr1 
Reynolds 
number 
Re1 (104) 
Weber 
number 
We1 
Phase-detection 
probe 
0.03-0.100 0.03-0.100 0.0068-
0.0253 
2.06-7.30 6.55-21.1 2.83-10.5 765-9,625  
Prandtl-Pitot 
tube 
0.03-0.100 0.03-0.100 0.0068-
0.0253 
2.06-7.30 6.55-21.1 2.83-10.5 765-9,625  
ADM sensor 0.01-0.160 0.01-0.160 0.0068-
0.0253 
2.06-7.30 6.14-21.4 2.83-10.5  733-9,727 
Total pressure 
sensor 
0.03-0.100 0.03-0.100 0.0068-
0.0253 
2.06-7.30 6.55-21.1 2.83-10.5 765-9,625  
 
Notes: Qw: water flow rate; Vo: jet nozzle velocity; x: longitudinal distance from the nozzle. 
 
Table 2-2 - Plunging jet investigations (Present study) 
 
Instrumentation Jet length 
 x1 (m) 
Instrument 
position 
x-x1 (m) 
Discharge 
Qw (m3/s) 
Impact 
velocity 
V1 (m/s) 
Froude 
number 
Fr1 
Reynolds 
number 
Re1 (104) 
Weber 
number 
We1 
Phantom ultra-
high-speed 
camera 
0.01–0.35 N/A 0.0021–
0.0121 
0.9–4.35 3.10–14.7 3.10–5.03 100 –2,833 
Phase-detection 
probe 
0.100 0.02–0.43 0.0068–
0.0253 
2.49–7.43 7.90–21.1 2.83–10.5 867–9,625  
 
Table 2-3 - Instrumentation sampling rate and duration (Present study) 
 
Instrumentation Sampling rate 
(Hz) 
Sampling duration 
(s) 
Phantom ultra-high-speed camera 600–10,000 3.33–55.5 
Phase-detection probe 20,000 90 
Pitot tube N/A 240 
ADM sensor 50 180 
Total pressure sensor 2,000 180 
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3. FREE-FALLING VERTICAL JET CHARACTERISTICS 
 
3.1 PRESENTATION 
The characteristics of the free-falling jet may influence the air entrainment and turbulence 
development in the plunge pool. Herein, the characteristics of the two-dimensional supported free-
falling jet were investigated in terms of pre-aeration, flow velocity, free-surface fluctuations and 
total pressure. The jet nozzle thickness and width were do = 0.012 m and Bo = 0.269 m respectively, 
while the jet support length was 0.35 m (Fig. 3-1). Four jet nozzle velocities (Vo = 2.06, 3.56, 5.37 
and 7.30 m/s) were investigated, with measurements conducted at different vertical elevations 
between x = 0.01 m and 0.16 m from the nozzle, where x is the longitudinal distance from the 
nozzle (Table 3-1). 
The boundary layer development was investigated to characterise the plunging jet inflow conditions 
(Section 3.2). Typical air-water results are presented in Sections 3.3 to 3.6, and detailed data sets 
are presented in Appendix E. 
 
 
Fig. 3-1 - Definition sketch of the supported free-falling vertical jet experiment 
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Table 3-1 - Summary of free-falling vertical jet experiments 
 
Reference Flow rate 
Qw (m3/s) 
Nozzle 
velocity 
Vo (m/s) 
Longitudinal 
position 
x (m) 
Jet thickness 
d (m) 
Jet velocity 
V (m/s) 
Instrumentation 
Present study 0.0068-0.0253 2.06-7.30 0.030 
0.065 
0.100 
0.0114-0.0121 
0.0107-0.0124 
0.0104-0.0127 
2.29-7.38 
2.34-7.39 
2.49-7.43 
Phase detection 
probe, Prandtl 
Pitot tube, Total 
pressure sensor 
 0.0068-0.0253 2.06-7.30 0.010 to 
0.160 
0.0104-0.0127 2.11-7.31 to 
2.72-7.51 
Acoustic 
displacement 
meter sensor 
BRATTBERG 
et al. (1998) 
0.0045-0.0255 1.4-7.9 0 to 0.200 -- -- Phase detection 
probe, Prandtl 
Pitot tube, conical 
hot-film probe 
 
Note: Nozzle jet thickness: do = 0.012 m for all experiments (Present study, BRATTBERG et al. 
1998). 
 
3.2 BOUNDARY LAYER DEVELOPMENT 
Downstream of the jet nozzle, boundary friction along the jet support led to the development of a 
turbulent boundary layer. Detailed velocity measurements showed that the velocity distributions 
were uniform for all investigated flow conditions, albeit the closest measurement location was y = 
1.6 mm with the Prandtl-Pitot tube (see section 3.4). The velocity data were compared with the 
calculations of the boundary layer thickness  based upon the integration of the momentum integral 
equation for a smooth turbulent accelerating jet (1). Herein the boundary layer thickness is defined 
as the location where the longitudinal velocity equals 99 % of the free-stream velocity Vmax. 
Assuming a smooth turbulent boundary layer in which the velocity distribution follows a 1/7th 
power law, the momentum integral equation may be expressed as (LIGGETT 1994, CHANSON 
2014): 
 2 max 02max max 2 1
w
VV V (2 )
x x
            (3.1) 
with:  
 
1
7
x
max
V y
V
      0 ≤ 
y
 ≤ 1 (3.2) 
 x1
max0
V 11 dy
V 8
           displacement thickness (3.3) 
                                                 
1 In the present study, the developing boundary layer was turbulent since Rex = wVmaxx/w > 3105. 
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 x x2
max max0
V V 71 dy
V V 72
            momentum thickness (3.4) 
 
1
4
o w max
2
w max w
V0.0225
V
         
 Blasius formula (3.5) 
 max
max
V g
x V
   Bernoulli equation (3.6) 
where 1 is the displacement thickness,  2 is the moment thickness, o is the boundary stress, ρw is 
the water density and µw is the dynamic viscosity of water. Note that Equation (3.6) is the 
differential form of the Bernoulli equation for a vertical jet. Typical results are presented in Figure 
3-2, indicating a thin boundary layer less than 2.3 to 2.5 mm thick at x = 0.100 m. The calculations 
were consistent with velocity measurements, and showed that the vertical jet flow conditions were 
partially-developed at x = 0.100 m for nozzle velocities between Vo = 2.06 and 7.30 m/s. 
 
y/do, /do
x/
d o
0 0.2 0.4 0.6 0.8 1 1.2
14
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0
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Fig. 3-2 - Comparison between the calculated boundary layer growth based upon the integration of 
the momentum equation for a smooth turbulent flow (solid lines) and locations of Prandtl-Pitot tube 
velocity measurements (symbols) at x = 0.03 m, 0.065 m and 0.100 m 
 
3.3 BASIC AIR-WATER FLOW PROPERTIES 
Air entrainment along the jet free-surface was observed for all investigated flow conditions (Table 
3-1). The air-water flow properties were investigated at longitudinal locations x = 0.030 m, 0.065 m 
and 0.100 m. For all investigated flow conditions, substantial free-surface aeration was observed 
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and started immediately downstream of the nozzle. Typical results are presented in terms of time-
averaged void fraction in Figure 3-3. 
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Fig. 3-3 - Dimensionless distributions of time-averaged void fraction in the free-falling jet at x/do = 
2.5, 5.41, and 8.33 - Left: Vo = 2.06 m/s; Right: Vo = 7.30 m/s) 
 
For a high-velocity water jet discharging into air, the advective diffusion equation for air bubbles 
may provide an analytical solution of void fraction distributions (CHANSON 1996,1997, 
BRATTBERG et al. 1998) (App. A). Considering a two-dimensional water jet, assuming an 
uniform velocity distribution, and for a constant diffusivity independent of the longitudinal and 
transverse location, the theoretical time-averaged void fraction distribution may be expressed a: 
 50 50
t t
y Y y Y1C 2 erf erf
2 x xD D
V V
                             
 (3.7) 
where Dt is a turbulent diffusivity coefficient assumed independent of the normal direction y, Y50 is 
the location where the void fraction is equal to 50%, x is the longitudinal distance from the nozzle, 
V is the free-stream velocity and the Gaussian error function erf is defined as: 
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u
2
0
2erf (u) exp( ) d       (3.8) 
Equation (3.7) is valid in both developing and fully-aerated jet flow region. The turbulent 
diffusivity coefficient was deduced from the best data fit. Results are presented in Table 3-2 and 
Figure 3-4. Figure 3-3 shows a comparison between Equation (3.7) and experimental data. For x/do 
> 5.4, the results indicated a reasonable agreement between Y50 and Y90, albeit the theoretical 
solution appeared to underestimate the void fraction between y=0 and Y50. This observation was not 
in agreement with previous studies and could not be explained.  
The dimensionless turbulent diffusivity data are presented as functions of the longitudinal distance 
in Figure 3-4. The present data were basically independent of the nozzle velocity Vo. But the 
present turbulent diffusivity coefficients appeared to be larger than previous investigations (Fig. 3-
4). In the present study, the turbulent diffusivity data were best fitted by: 
 t
o o o
D x0.00318
V d d
   for 2.5 ≤ x/do ≤ 8.3 (3.9) 
with a standard error of 0.00465 and correlation coefficient of 0.883. Equation (3.9) is shown in 
Figure 3.4. 
 
Table 3-2 - Turbulent diffusivity coefficients in free-falling jets (Present study) 
 
Nozzle 
Velocity 
Vo (m/s) 
Location 
x (m) 
Free-stream 
velocity 
Vmax (m/s) 
Diffusivity 
Dt (m2/s) 
Nozzle 
Velocity 
Vo (m/s) 
Location 
x (m) 
Free-stream 
velocity 
Vmax (m/s) 
Diffusivity 
Dt (m2/s) 
2.06 0.100 2.49 0.00080 5.37 0.100 5.55 0.00080 
 0.065 2.34 0.00040  0.065 5.50 0.00040 
 0.030 2.29 0.00025  0.030 5.50 0.00025 
3.53 0.100 3.78 0.00150 7.30 0.100 7.43 0.00150 
 0.065 3.80 0.00080  0.065 7.39 0.00080 
 0.030 3.74 0.00040  0.030 7.38 0.00040 
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Fig. 3-4 - Longitudinal variation of dimensionless turbulent diffusivity coefficient in free-falling 
jets - Comparison between present data, Equation (3.9) and previous investigations (B98: 
BRATTBERG et al. 1998, C88: CHANSON 1988, C95: CHANSON 1995b, CT97: CHANSON 
and TOOMBES 1997, L86: LOW 1986) 
 
Typical distributions of bubble count rate are presented in Figure 3-5. At each cross-section, the 
data showed a marked maximum Fmax. The maximum bubble count rate Fmax was observed at about 
50% of time-averaged void fraction (y = Y50). The results further showed increasing bubble count 
rates with increasing nozzle velocity at a given location. As air bubbles diffused through the jet 
thickness, the bubble count rate distributions tended to become more homogeneous with increasing 
longitudinal distance for a given jet velocity. Figure 3-6 shows the relationship between bubble 
count rate and void fraction at several cross-sections. The results tended to follow a pseudo-
parabolic shape (BRATTBERG at al. 1998, CHANSON and TOOMBES 2002): 
 
max
F 4 C (C 0.5)
F
     (3.10) 
although more realistic theoretical models may be developed by considering each air–water 
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interface represented by two consecutive elements in different states (TOOMBES and CHANSON 
2008, ZHANG and CHANSON 2017). 
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Fig. 3-5 - Dimensionless distributions of bubble count rate Fdo/Vo in free-falling jets at x/do = 2.5, 
5.41, and 8.33 - Left: Vo = 2.06 m/s; Right: Vo = 7.30 m/s 
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Fig. 3-6 - Dimensionless relationship between bubble count rate F/Fmax and time-averaged void 
fraction - Left: Vo = 2.06 m/s; Right: Vo = 7.30 m/s - Comparison with Equation (3.10) 
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Bubble chord length distributions were recorded at characteristic locations in the bubbly flow 
region (i.e. C < 0.3). Typical results are presented in Figures 3-7 and 3-8. In each figure, the 
symbols represent the probability of a bubble chord length in 0.5 mm intervals: e.g., the data for 3 
mm corresponds to the probability of bubble chord lengths between 3 and 3.5 mm. The data marked 
20 mm corresponded to bubbles with chord lengths greater than 20 mm. The distributions were 
skewed with a preponderance of small bubble chords relative to the mean size. The largest 
probabilities of bubble chord lengths were between 0 and 3 mm. The results were comparable to 
those of BRATTBERG et al. (1998), albeit these researchers used a smaller probe sensor (i.e. Ø = 
0.025 mm). The present results highlighted a broad range of bubble chord lengths for all impact 
velocities and all jet locations. The proportion of large bubble chord length increased with 
increasing longitudinal distance from the jet nozzle, independently of the nozzle velocity and local 
void fraction. Conversely the proportion of small bubble chord length decreased with increasing 
distance x for a given jet velocity and local void fraction. Further smaller bubble chords were 
observed for the larger jet velocities at a given distance from the nozzle, for a given local void 
fraction. 
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Fig. 3-7 - Probability density functions of bubble chord length – Flow conditions: Vo = 2.06 m/s, x 
= 0.03 m, 0.065 m and 0.100 m 
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Fig. 3-8 - Probability density functions of bubble chord length – Flow conditions: Vo = 7.30 m/s, x 
= 0.03 m, 0.065 m and 0.100 m 
 
3.4 TIME-AVERAGED VELOCITY DISTRIBUTIONS 
Time-averaged velocity measurements were conducted with both phase-detection probe and 
Prandtl-Pitot tube at three vertical locations x = 0.030, 0.065 and 0.100 m. Typical experimental 
results are presented in Figure 3-9, in which the void fraction and bubble count rate data were added 
for completeness. 
The velocity distribution data showed that the jet flow was partially-developed and that the 
developing boundary layer was thin: i.e., /do < 0.2 for x/do < 8.3. The free-stream velocity Vmax 
compared favourably with the application of the Bernoulli principle for a vertical jet: 
 2max oV V 2 g x     (3.11) 
This is seen in Figure 3-9 and Table 3-3, where Equation (3.11) is compared with experimental 
observations. 
 
3.5 TOTAL PRESSURE PROFILES 
The total pressure Pt and pressure fluctuations pt were recorded at the same locations as phase-
detection probe data. The total pressure was calculated as the time-averaged value. The total 
pressure fluctuations were estimated by two methods: (1) as the standard deviation of the data set, 
pt,std, and (2) as the difference between third and first quartiles divided by 1.3, pt75-25 (2). Typical 
                                                 
2 For a Gaussian distribution of the pressure data set about the mean, the difference between third and first 
quartiles would be equal to 1.3 times the standard deviation: i.e., pt75-25 = (Pt,75 - Pt,25)/1.3 = pt,std. 
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results are presented in Figure 3-10.  
 
y/do
V
/V
o
C
, 3
.F
.d
o/V
o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
1.4 1.4
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
V Pitot tube
V Phase-dection probe
C
F
Bernoulli principle
 y/do
V
/V
o
C
, 3
.F
.d
o/V
o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
1.4 1.4
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
 
(A) Vo = 2.06 m/s - Left: x = 0.03 m; Right: x = 0.10 m 
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(B) Vo = 7.30 m/s - Left: x = 0.03 m; Right: x = 0.10 m 
Fig. 3-9 - Dimensionless distributions of time-averaged air-water interfacial velocity in free-falling 
jets - Comparison with dimensionless distributions of void fraction and bubble count rate - Same 
legend for all graphs 
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Table 3-3 - Free-stream velocity in the free-falling jet (Present study) 
 
Water 
discharge 
Nozzle 
velocity 
Vertical 
position 
Free-stream velocity Vmax  
Qw Vo x Phase-detection 
probe 
Prandtl-Pitot 
tube 
Bernoulli principle 
Eq. (3.11) 
(m3/s) (m/s) (m) (m/s) (m/s) (m/s) 
0.0068 2.06 0.03 2.27 2.31 2.20 
  0.065 2.27 2.40 2.35 
  0.1 2.43 2.54 2.49 
0.0121 3.53 0.03 3.70 3.78 3.61 
  0.065 3.74 3.85 3.71 
  0.1 3.83 3.73 3.80 
0.0188 5.37 0.03 5.39 5.62 5.42 
  0.065 5.43 5.56 5.49 
  0.1 5.52 5.57 5.55 
0.0253 7.30 0.03 7.19 7.57 7.34 
  0.065 7.36 7.42 7.39 
  0.1 7.44 7.41 7.43 
 
The total pressure was basically constant in the clear-water free-stream flow region, and it 
decreased with increasing distance from the jet support in the aerated flow region (Fig. 3-10). The 
total pressure fluctuations were uniformly distributed in the non-aerated free-stream region, but 
increased with increasing distance from the jet support in the air-water flow region up to a 
maximum between 1.0 < y/do < 1.6. In the bubbly flow, the impact of air cavities on the total 
pressure sensor led to instantaneous drop in the total pressure signal, hence increased total pressure 
fluctuations. Further away from the support, the total pressure fluctuations decreased with 
increasing distance from the jet support. The same pattern was observed for both pt,std and pt75-25 
(Fig. 3-10). 
The total pressure and pressure fluctuations data may be related to the time-averaged velocity V, 
void fraction C and velocity fluctuations v' by: 
 2 2t w s
1P (1 C) (V v ' ) P
2
        (3.12) 
 2 2t w s
1p (1 C) (V v ' ) p
2
        (3.13) 
where ρw is the water density, Ps is the static pressure and ps is the fluctuations of static pressure. By 
re-arranging the above equations, the turbulence intensity Tu = v'/V may be expressed as a function 
of the total pressure and pressure fluctuations as (ZHANG et al. 2016): 
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(A) Vo = 2.06 m/s - Left: x = 0.030 m; Right: x = 0.100 m 
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(B) Vo = 7.30 m/s - Left: x = 0.030 m; Right: x = 0.100 m 
Fig. 3-10 - Dimensionless distributions of total pressure and pressure fluctuations in free-falling jets 
- Comparison with dimensionless distributions of void fraction - Same legend applies to all graphs 
 
 tP 2
w
PTu 1
0.5 (1 C) V
      (3.14) 
 
2
t
2 4
w
p
p (1 C) C
V 4Tu
C(1 C) 1
2
        
 (3.15) 
In the air-water flow region, Equations (3.14) and (3.15) must be calculated in terms of the time-
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averaged air-water interfacial velocity obtained with the phase-detection probe. Typical turbulence 
intensity data are presented in Figure 3-11. Generally the turbulence intensities derived from the 
pressure fluctuations were deemed more accurate, since turbulence intensities derived from total 
pressure data (Eq. (3.14)) might overestimate the 'true' turbulence intensity (ZHANG and 
CHANSON 2016). For a number of locations, turbulence intensities derived from the pressure 
fluctuations (Eq. (3.15)) could not be calculated. This was caused by small errors in calibration 
curves, which tended to underestimate the pressure fluctuations. 
Overall, the turbulence intensity levels in the jet flows were moderate. The data showed an increase 
in turbulence intensity with increasing distance from the jet support, independently of the nozzle 
velocity. Next to the jet free-surface (1 < y/d < 1.4), the turbulence intensity tended to decrease with 
increasing distance from the nozzle. 
 
3.6 DISCUSSION 
Free-surface measurements were conducted with two acoustic displacement meters (ADMs) on the 
jet centreline, with the leading sensor between x = 0.01 and 0.1 m, and the trailing sensor between x 
= 0.06 and 0.15 m. The jet thickness (dADM) and its standard deviation (σADM) were recorded as 
functions of the longitudinal distance x from the nozzle. Typical results are presented in Figure 3-
12. The free-surface fluctuations were generally large, and corresponded to the occurrence of both 
free-surface aeration and free-surface waves at the jet free-surface. 
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(A) Vo = 2.06 m/s - Left: x = 0.065 m; Right: x = 0.100 m 
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(B) Vo = 7.30 m/s - Left: x = 0.030 m; Right: x = 0.100 m 
Fig. 3-11 - Dimensionless distributions of turbulence intensities in free-falling jets - Comparison 
with void fraction distributions - Same legend applies to all graphs 
 
The jet thickness data were compared to the equivalent clear-water jet thickness de calculated based 
upon the phase-detection probe data: 
 
90y Y
e
y 0
d (1 C) dy


    (3.16) 
where Y90 is the location where C = 0.90. The data were also compared to the analytical solution of 
the continuity and Bernoulli principles: 
 B o
2
o
1d d
2 g x1
V
   
 (3.17) 
where do is the jet nozzle thickness and Vo is the jet nozzle velocity. 
The comparative results are presented in Figure 3-13 and Table 3-4. The characteristic locations 
Y10, Y50 and Y90 and YFmax are also presented for completeness, where Yxx is the location where the 
void fraction equals xx%, and YFmax is the location where the bubble count rate is maximum (F = 
Fmax). Overall the experimental jet thickness was larger than the theoretical thickness. The average 
ADM data were systematically larger than the equivalent clear water jet thickness de. It is believed 
that both free-surface aeration and free-surface waves affected adversely the ADM signal outputs. 
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Table 3-4 - Free-falling jet thickness at x = 0.10 m: comparison between experimental 
measurements and theory 
 
Jet nozzle 
thickness 
do (m) 
Jet 
length 
x (m) 
Jet nozzle 
velocity  
Vo (m/s) 
Theoretical 
jet thickness 
dB (m) 
Air-water jet 
thickness 
de (m) 
ADM jet 
thickness 
dADM (m) 
0.012 0.10 2.06 0.0099 0.0104 0.0103 
  3.53 0.0112 0.0115 0.0130 
  5.37 0.0116 0.0127 0.0143 
  7.30 0.0118 0.0127 0.0144 
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Fig. 3-12 - Dimensionless distribution of time-averaged jet thickness dADM/do and jet thickness 
fluctuations ADM/do - Flow conditions:  
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(A) Vo = 2.06 m/s (B) Vo = 3.53 m/s 
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(C) Vo = 5.37 m/s (D) Vo = 7.30 m/s 
Fig. 3-13 - Dimensionless distribution of supported free-falling jet thickness d/do - Comparison 
between experimental measurements and theory - Same legend applies to all graphs 
 
The air flux entrained in the free-falling jet was calculated based upon the phase-detection probe 
data: 
 e
d
air 0
q C V dy    (3.18) 
33 
Air flux data are presented in Table 3-5 and Figure 3-14, where they are compared with the air-
water flow data of CHANSON (1991) and BRATTBERG and CHANSON (1998). The results 
highlighted that the dimensionless air flux increased linearly with the longitudinal distance from the 
nozzle, independently of the jet free-stream velocity. The experimental data were best fitted by (3): 
 air
o o o
q x0.0193
V d d
   for 0 ≤ x/do ≤ 12  (3.19) 
where x is the jet length and o oV d  is the water discharge per unit width, with a standard error of 
0.0358 and correlation coefficient of 0.854. Equation (3.19) is shown in Figure 3-14, showing a 
reasonable agreement between all data sets, despite differences in geometry and instrumentation. 
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Fig. 3-14 - Air flux entrained in free-falling water jets as a function the longitudinal distance from 
the nozzle - Comparison between present data and previous air-water flow measurements in high-
velocity jets (CHANSON 1991, BRATTBERG and CHANSON 1998) 
 
                                                 
3 A quadratic interpolation was also tested without any significant improvement of the standard 
error and correlation coefficient. 
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Table 3-5 - Air flux entrained in free-falling jets (Present study) 
 
Nozzle velocity 
Vo (m/s) 
Jet length 
x (m) 
Air flux 
qair (m2/s) 
Nozzle velocity 
Vo (m/s) 
Jet length 
x (m) 
Air flux 
qair (m2/s) 
2.06 0.030 0.00064 3.53 0.030 0.0023 
 0.065 0.00318  0.065 0.0059 
 0.100 0.00457  0.100 0.0100 
5.37 0.030 0.0030 7.30 0.030 0.0040 
 0.065 0.0070  0.065 0.0104 
 0.100 0.0124  0.100 0.0180 
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4. PLUNGING JET FLOW PATTERNS AND AIR ENTRAINMENT 
INCEPTION 
4.1 PRESENTATION 
A series of experiments were conducted on supported free-falling jets plunging into a deep pool of 
water. The study focused on the air-water flow patterns, inception conditions and developing flow 
region close to the impinging point. A number of high speed video movies were recorded by an 
ultra high speed digital camera, with sample rates between 600 fps and 10,000 fps (1280×800 
pixels). The camera was positioned on the side of the plunge pool to clearly observe the impinging 
point and the depth of field was less than 20 mm. The observation window was two-dimensional, 
and three-dimensional behaviour could not be recorded. Since the jet length and impact velocity are 
two key parameters affecting the air bubble entrainment and flow patterns (CUMMINGS and 
CHANSON 1997a), both were considered herein. The present experiments were conducted with 
discharges Qw = 0.0021 to 0.0121 m3/s, jet lengths x1 = 0.01 m to 0.35 m, yielding a range of jet 
impact velocities V1 = 0.9 to 4.35 m/s. The flow conditions are summarised in Table 4-1. The 
following results focus on the onset velocity (Section 4.2), mechanisms of individual air bubble 
entrainment (Section 4.3), water level fluctuations (Section 4.4), individual air-bubble behaviour 
(Section 4.5), bubble coalescence (Section 4.6) and air packet analysis (Section 4.7). 00 
 
Table 4-1 - Summary of plunging jet flow pattern observations (Present study) 
 
Properties Video 
sampling 
rate (fps) 
Discharge 
Qw (m3/s) 
Jet length 
x1 (m) 
Impact 
velocity 
V1 (m/s) 
Onset velocity 66 0.0021-0.0023 0.018-0.043 0.90-1.12 
Mechanisms of air bubble entrainment 10,000 0.0025-0.0030 0.020-0.050 1.00-1.36 
Water-level fluctuations 600 0.0120-0.0400 0.100-0.350 1.87-4.35 
Individual bubble behaviour and breakup 10,000 0.0025-0.0030 0.020-0.050 1.00-1.26 
Coalescence processes 10,000 0.0025-0.0030 0.020-0.050 1.00-1.26 
Air packet entrainment process 1,000 0.0120-0.0400 0.100-0.300 1.87-4.24 
 
4.2 ONSET VELOCITY OF AIR ENTRAINMENT 
Following CUMMINGS and CHANSON (1999), the onset velocity was defined as a "primary 
entrainment event which occurs within an interval of about 5 minutes, in the absence of bubbles in 
the plunge pool". Herein each experiment was conducted twice: once with increasing discharge and 
secondly with decreasing discharge, because the air bubble inception process showed some 
hysteresis. This is illustrated in Table 4-2. The hysteresis was likely caused by some free-surface 
instability. The onset velocity Ve was determined for three discharges Qw = 0.0021, 0.0022 and 
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0.0023 m3/s (1). For discharges larger than Qw = 0.0023 m3/s the initial velocity at the nozzle was 
larger than the onset velocity. The results are presented in Figure 4-1A, showing the onset velocity 
as a function of the water discharge and jet length for both series of observations. In the followings, 
the inception velocity results are discussed in terms of the increasing discharge data set only, in line 
with earlier studies (EL-HAMMOUMI 1994, CUMMINGS and CHANSON 1999). 
The observations indicated onset velocities of air entrainment ranging from Ve = 0.9 to 1.1 m/s for 
jet lengths between x1 = 0.018 and 0.042 m. Such onset conditions corresponded to a critical Weber 
number Wee ~ 100 to 120, close to the findings of CUMMINGS and CHANSON (1997b,1999) but 
smaller than a minimum air-entrainment Weber number Wee = 400 proposed for short turbulent 
circular jets (CIBOROWSKI and BIN 1972). The present results are compared to previous studies 
in Figure 4-1B. In Figure 4-1B, the dimensionless onset velocity is presented as function of the jet 
turbulence. Despite differences in definitions of air entrainment onset and of turbulence intensity, 
the experimental results showed a consistent trend. That is, the onset velocity decreases with 
increasing jet turbulence level. At the limits, Ve ~ 3.5 m/s for very-low turbulence and Ve ~0.8 m/ 
for rough turbulent jets. Overall the entire data set followed relatively closely: 
 e wV 0.0109 (1 3.50 exp( 80 Tu))        (4.1) 
where w is the water dynamic viscosity,  is the surface tension between air and water, and Tu is 
the jet turbulence intensity, with a standard error of 0.0072 and a normalised correlation coefficient 
of 0.84. First introduced for two-dimensional vertical plunging jets (CUMMINGS and CHANSON 
1999), Equation (4.1) may encompass both vertical two-dimensional and circular jets as seen in 
Figure 4-1B. 
 
Table 4-2 - Onset velocity of air bubble entrainment at vertical supported jet (Present study) 
 
 Increasing discharge   Decreasing discharge  
Q (m3/s) x1 (m) Ve (m/s) Wee Q (m3/s) x1 (m) Ve (m/s) Wee 
0.0021 0.042 1.12 119 0.0023 0.018 0.92 107 
0.0022 0.022 0.94 105 0.0022 0.018 0.90 100 
0.0023 0.018 0.92 107 0.0021 0.020 0.90 96 
 
Note: Wee: onset Weber number defined as: Wee = wVe2d1/. 
 
                                                 
1 Note a limitation of the experimental apparatus: for Qw < 0.0021 m3/s, the flow rate was unstable and air 
would enter into the nozzle. 
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(A) Onset velocity as a function of water discharge and jet length at vertical plunging jets (Present 
study) - Left: onset velocity Ve as a function of the water discharge Qw; right: onset velocity Ve as a 
function of the jet length x1 
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(B) Dimensionless onset velocity Vew/ as a function of the jet turbulence intensity Tu = v'/V - 
Comparison between present data and past results: planar jets (CUMMINGS and CHANSON 1999) 
and circular jets (McKEOGH 1978, ERVINE et al. 1980, EL-HAMMOUMI 1994, CHIRICHELLA 
et al. 2002, CHANSON and MANASSEH 2003) (past data re-analysis by CHANSON 2009) 
Fig. 4-1 - Onset velocity of air bubble entrainment at vertical plunging jets 
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4.3 MECHANISMS OF AIR BUBBLE ENTRAINMENT 
When the impact velocity is larger than the onset velocity, air bubbles are entrained at the 
impinging point between the supported free-falling jet and the pool of still water. The mechanisms 
of air bubble entrainment differ depending of the jet impact velocities (CUMMINGS and 
CHANSON 1999). Herein the analysis of ultra-high-speed high-definition movies was performed 
for impact velocities slightly greater than the onset velocity: i.e., V1 = 1.00, 1.12, 1.26 and 1.36 m/s 
(Table 4-3). For these flow conditions, the results highlighted that the entrained bubble count rate F 
increased almost linearly with increasing jet impact velocity: 
 1 1
1 1
F d V0.167 0.407
V g d
     for 1.0 < V1 < 1.36 m/s  (4.2) 
Four main mechanisms of air entrainment were observed: (a) air bubbles pre-entrained in the jet, (b) 
breakup of an elongated air cavity, (c) single bubble entrapment and (d) bubble re-entrainment. 
They are presented below, and the influence of the jet impact velocity is discussed later. Note that, 
herein, the Phantom high speed digital camera operated at 10,000 fps, and the movie images were 
analysed manually to guarantee maximum reliability of the data interpretation. 
 
Table 4-3 - Summary of individual air bubble entrainment investigations 
 
Impact velocity 
V1 (m/s) 
Jet length 
x1 (m) 
Discharge 
Qw (m3/s) 
Investigation  
duration (s) 
Number of 
entrained bubbles 
Entrainment rate 
(Hz) 
1.00 0.02 0.0025 11.9 (2) 88 7.4 
1.12 0.02 0.0030 6.66 218 32.7 
1.26 0.05 0.0025 3.33 165 49.5 
1.36 0.05 0.0030 3.33 249 74.8 
 
The first mechanism of air entrainment was some pre-aeration bubbles, coming from the supported 
free-falling jet. These bubbles were entrained above the impinging line (Fig. 4-2). Some bubbles 
were entrained along the free-surface of the supported free-falling jet, as observed for larger impact 
velocities (Chapter 3). Other bubbles might have been entrained upstream of the nozzle. For very 
low discharges, some air could enter into the supply pipe, as observed for the impact velocity V1 = 
1.0 m/s. Quantitatively, the proportion of pre-entrained air bubbles decreased with increasing 
impact velocity. The experimental observations are presented in Table 4-4. 
 
                                                 
2 For the impact velocity V1 = 1.0 m/s, large air packets were observed during few instants of the videos (in 
average during 0.34 s). Such air packets came likely from a partially-filled pipe, upstream of the nozzle, and 
they were not considered in the analysis.  
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Fig. 4-2 - Photograph of pre-aeration bubbles - Flow conditions: V1 = 1.00 m/s, x1 = 0.02 m 
 
Table 4-4 - Experimental observations of different air bubble entrainment mechanisms at a vertical 
plunging jet 
 
Impact 
velocity 
V1 (m/s) 
Jet 
length 
x1 (m) 
Total number 
of entrained 
bubbles 
Number of 
pre-entrained 
bubbles 
Number of 
elongated air-
cavity bubbles 
Number of 
individual 
entrapped 
bubbles 
Number of re-
entrained 
bubbles 
1.00 0.02 88 23 37 15 13 
1.12 0.02 218 35 131 39 13 
1.26 0.05 165 9 135 12 9 
1.36 0.05 249 16 212 17 4 
 
The second mechanism of air bubble entrainment was the formation of an elongated air cavity at the 
impinging point and its subsequent breakup. Basically an almost one-dimensional air finger was 
stretched, before its extremity was pinched off and broken up into a single or multiple bubbles (Fig. 
4-3). The upper part of the air finger was not entrained and would rise up back to the free-surface. 
Only the lower part of the air cavity could be considered as entrained air bubble(s). The overall 
process tended to take place in three successive phases illustrated in Figure 4-3: (1) the 
development of the air cavity, (2) the stretching of the air-cavity, and (3) the cavity breakup bubble 
formation and cavity pinch off. In Figure 4-3, the entire process took place in less than 40 ms. 
Herein, the proportion of elongated air-cavity generated bubbles increased with increasing jet 
impact velocity. The experimental results are presented in Table 4-4. The elongated air cavity 
mechanism of air bubble entrainment was the most common bubble entrainment mechanism at 
larger impact velocities. For example, the proportion of entrained bubbles was 85 % for an impact 
velocity V1 = 1.36 m/s. For larger impact velocities this mechanism could be considered as the 
dominant entrainment mechanism (CHANSON and CUMMINGS 1994, CUMMINGS and 
CHANSON 1997a). 
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The mechanism of air finger/elongated cavity pinch-off was observed to be affected by a 
combination of physical processes: (a) surrounding pressure exerted on the finger perimeter that 
overcame the capillary force as the finger elongated and surface curvature enlarged, (b) shear stress 
between the impinging flow and still plunge pool water that stretched and deformed the air cavity, 
(c) secondary helicoidal current forming around the finger itself, similar to a whirlpool with a 
streamwise axis, that twisted the finger, and (d) unsteady flow recirculation induced by flow 
bulking and large-scale vortices, which induced instability of the flow field in the vicinity of 
impingement point. 
 
   
 
   
 
 
   
Fig. 4-3 - Photographic sequence of the formation and breakup of an elongated air cavity at a 
plunging jet - Flow conditions: V1 = 1.26 m/s, x1 = 0.05 m - (1) Development of the air cavity: A: t 
= 0.000 s; B: t = 0.012 s; C: t = 0.023 s; (2) Stretching of the air-cavity: D: t = 0.028 s; E: t = 0.033 
s; F: t = 0.035 s; (3) Cavity breakup bubble formation and cavity pinch-off: G: t = 0.036 s; H: t = 
0.038 s;  I: t = 0.040 s 
 
The third bubble entrainment mechanism was the entrapment of a single air bubble at the 
impingement perimeter (Fig. 4-4). The bubble appeared to be entrapped without creating an air-
A B C 
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cavity. The proportion of individual bubble entrainment decreased with increasing jet impact 
velocity. The observations are reported in Table 4-4. This mechanism became infrequent for larger 
impact velocities with a proportion of 7 % for V1 = 1.36 m/s. 
The last mechanism was the re-entrainment of a rising bubble (Fig. 4-5). With this mechanism, a 
detrained bubble rose up to the free-surface of the pool where it stayed at the water surface and 
drifted slowly towards the impinging perimeter. Eventually, the bubble was re-entrained. Overall, 
the proportion of re-entrained bubbles decreased with increasing impact velocity. The experimental 
results are summarised in Table 4-4. This mechanism was the least likely for 1 m/s < V1 < 1.36 m/s 
(3) and the proportion of re-entrained bubbles became negligible for impact velocity V1 = 1.36 m/s 
(Table 4-4). 
Discussion 
The respective proportion of bubble entrainment mechanisms was compared as a function of the 
impact velocity. The results are presented in Table 4-4 and Figure 4-6. The air-cavity breakup 
mechanism was the dominant mechanism and its proportion increased with increasing jet impact 
velocity, the results being comparable for V1 = 1.26 and 1.36 m/s (Fig. 4-6). 
The results were overall consistent with the literature (CUMMINGS and CHANSON 1997a,1999), 
albeit the present study encompassed significantly more details, with a finer range of flow 
conditions and more precise instrumentation. 
 
 
Fig. 4-4 - Entrapped bubble at the impinging point - Flow conditions: V1= 1.00 m/s, x1 = 0.02 m 
 
                                                 
3 For larger impact velocity in presence of large-scale vortical structures, the re-entrainment of rising bubbles 
was noticeable. A number of bubbles were driven back into the shear layer by the recirculating motion of 
large vortices in which they were advected. 
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Fig. 4-5 - Re-entrainment of air bubbles - Flow conditions: V1=1.12 m/s x1=0.02 m - (1) Rising 
bubble staying at the free-surface, A: t = 0.000s; B: t = 0.050 s; C: t = 0.378 s; (2) Re-entrained 
bubble, D: t=0.502 s; E: t = 0.533 s; F: t = 0.559 s 
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Fig. 4-6 - Proportion of air entrainment mechanisms as function of the impact velocity V1 
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4.4 WATER-LEVEL FLUCTUATIONS IN PLUNGE POOL 
For a jet impact velocity larger than the onset velocity, the water level close to impinging point was 
constantly fluctuating: that is, up to at least 0.1 m to 0.2 m from the impingement (Fig. 4-7). These 
variations influenced the jet length and thus the impact velocity. The amplitude and frequency of 
these fluctuations were investigated close to the impingement perimeter for a broad range of jet 
impact velocities: V1 = 1.89 to 4.35 m/s. Video movies (600 fps) were analysed manually every 
0.033 s (1 in 20 frames) for 30 s. Importantly the definition of the water level was critical. Herein 
the water level was determined as an average value across the observation window (Fig. 4-7). The 
foam above the free-surface was not considered because its shape was mostly independent of the 
water level fluctuations. Typical experimental data are presented in Figure 4-8, showing the time-
variations of water level  in the observation window for a range of flow conditions. 
 
 
Fig. 4-7 - Side photograph of the plunge point: definition of water level 
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Fig. 4-8 - Time -variations of the water level elevation in the plunge pool close to the impingement 
perimeter 
 
Table 4-5 - Water level fluctuations in the plunge pool next to the impingement point: summary of 
experimental observations 
 
Discharge 
Qw (m3/s) 
Impact 
Velocity 
V1 (m/s) 
Jet length 
x1 (m) 
75-25 
(m) 
90-10 
(m) 
max-min 
(m) 
75 25
1x
   90 10
1x
   max min
1x
   
 
0.0040 1.87 0.10 0.001 0.005 0.080 0.01 0.05 0.08 
0.0040 2.34 0.20 0.002 0.007 0.014 0.01 0.035 0.07 
0.0040 2.72 0.30 0.003 0.009 0.022 0.01 0.03 0.07 
0.012 4.00 0.10 0.004 0.023 0.045 0.04 0.23 0.45 
0.012 4.12 0.15 0.006 0.024 0.058 0.04 0.16 0.39 
0.012 4.24 0.20 0.005 0.028 0.060 0.025 0.14 0.30 
0.012 4.35 0.25 0.008 0.032 0.068 0.025 0.13 0.27 
 
Next to the impingement point, the plunge pool water level was influenced by the air entrapment 
process and type of air bubble entrainment mechanism, as well as some impact of detrained 
bubbles. The experimental results of water level fluctuations in the plunge pool are presented in 
Table 4-5 and Figure 4-9, in which 75 - 25 is the difference between third and first quartiles, 90 - 
10 is the difference between ninth and first deciles, and max - min represents the difference 
between highest and lowest observations. The experimental observations showed that the plunge 
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pool water level fluctuations increased with increasing jet impact velocity. For V1 > 4.0 m/s, the 
difference between ninth and first deciles was between 13 % and 16 % of the jet length. 
The frequencies in water level fluctuations were estimated using several methods: 
(a) The water level time series was smoothed every 10 points and the dominant water level 
frequency was estimated manually. 
(b) The water level time series was filtered with a band-pass cutoff frequency of 20 kHz, and the 
main signal frequency was estimated manually. 
(c) A frequency analysis was performed (i.e. fast Fourier transformation (FFT)) and the frequency 
corresponding to a characteristic peak was selected. This method however gave only useful results 
for impact velocities greater than 4 m/s. Although the method usually gave a range of frequency 
values, only one value is reported about the average of the range. 
The results are summarised in Table 4-6 and Figure 4-10. Figure 4-10 shows the dimensionless 
water level fluctuation frequency as a function of the dimensionless impact velocity. Overall the 
different methods yielded results within the same order of magnitude. The frequency of water level 
fluctuations was between 1.3 and 2.4 Hz, nearly independently of the jet impact velocity. The 
dimensionless frequency decreased with increasing Froude number towards a lower limit between 
0.004 ≤ St ≤ 0.007. Note that no correlation was found between water level fluctuations frequency 
and jet length. 
The statistical moments of the water level fluctuations are summarised in Table 4-7. Basically the 
standard deviation of water elevation increased with increasing the jet impact velocity. The finding 
was consistent with the results in terms of wave height (Fig. 4-9). The skewness was negative, 
suggesting a preponderance of lower surface elevations relative to the mean water level. The 
kurtosis was about zero.  
 
4.5 INDIVIDUAL BUBBLE ENTRAINMENT AND BREAKUP 
4.5.1 Presentation 
The behaviour of individual entrained bubbles was investigated in details for three different impact 
velocities (4) V1 = 1.00, 1.12 and 1.26 m/s corresponding to two jet lengths x1 = 0.02 m for V1 = 
1.00 m/s and x1 = 0.05 m for V1 = 1.12 and 1.26 m/s using the high-speed high-resolution digital 
camera set at 10,000 fps for 3.33 s (5). 
 
                                                 
4 As discussed in section 4.3, the flow conditions for impact velocities V1 = 1.26 m/s and 1.36 m/s presented 
similar properties. Therefore, flow conditions for V1 = 1.36 m/s were not investigated herein. 
5 All the movies were analysed manually along a 0.19 m long window. 
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Table 4-6 - Experimental results – water level fluctuations frequency results 
 
Discharge Impact velocity Jet length Characteristic frequency (Hz) 
Qw (m3/s) V1 (m/s) x1 (m) (a) Smoothed 
signal 
(b) Filtered 
signal 
(c) FFT 
analysis 
0.004 1.87 0.10 1.63 2.17 -- 
0.004 2.34 0.20 1.83 2.33 -- 
0.004 2.72 0.30 1.67 2.40 -- 
0.012 4.00 0.10 1.33 1.57 2.00 
0.012 4.12 0.15 1.40 1.60 -- 
0.012 4.24 0.20 1.63 2.10 2.34 
0.012 4.35 0.25 1.73 2.13 2.14 
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Fig. 4-9 - Water level fluctuation height in the plunge pool as a function of the jet impact velocity 
Fr1 = V1/(g.d1)1/2
St
 =
 F
.d
1/V
1
5 7 9 11 13 15
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
Smoothed
Filtered
FFT
 
Fig. 4-10 - Dimensionless water level fluctuation frequency in the plunge pool close to the 
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impingement perimeter as a function of the jet Froude number 
 
Table 4-7 - Statistical analysis of water level fluctuation data sets in the plunge pool close to the 
impingement perimeter 
 
Discharge 
Qw (m3/s) 
Impact velocity V1 
(m/s) 
Jet length 
x1 (m) 
Standard deviation 
' (m) 
Skewness Kurtosis Number of 
data point 
0.004 1.87 0.10 0.003 -0.51 0.0 900 
0.004 2.34 0.20 0.007 -0.61 0.1 900 
0.004 2.72 0.30 0.010 -0.99 1.2 900 
0.012 4.00 0.10 0.009 -0.19 -0.3 900 
0.012 4.12 0.15 0.011 -0.42 0.2 900 
0.012 4.24 0.20 0.013 -0.75 0.3 900 
0.012 4.35 0.25 0.014 -0.32 -0.2 900 
 
Four different air bubble entrainment behaviours were observed: 
(a) no interaction behaviour - the bubble had almost no interaction and experienced no major 
modification during the air-water flow motion; the bubble continued its way past the end of the 
camera field; 
(b) rising-up behaviour - the bubble went back up and rose up to the free surface; 
(c) breakup behaviour - the bubble became unstable and breakup into daughter bubbles; different 
mechanisms of breakup were observed, as discussed in Section 4.5.3; 
(d) coalescence behaviour - coalescence of multiple parent bubbles was observed, generating a 
larger bubble, often unstable; different mechanisms of coalescence were observed; such a specific 
behaviour is not considered as an individual bubble behaviour and is investigated in Section 4.6. 
Section 4.5.2 investigates the individual bubble characteristics for the impact velocity V1 = 1.00 
m/s, when all the entrained air bubbles were tracked. The bubble breakup mechanisms are discussed 
in Section 4.5.3 for impact velocities V1 = 1.00 m/s, 1.12 m/s and 1.25 m/s. 
 
4.5.2 Individual bubble characteristics 
The individual bubble entrainment properties were tracked in four different video movies taken 
with an impact velocity V1 = 1.00 m/s corresponding to a total duration of 11.9 s (6). The 
experimental results are summarised in Table 4-8, in which the median time sequence was 
calculated as the inverse of the bubble entrained count rate. In each case, the average bubble 
                                                 
6 Big air packets were observed in average during 0.34 s per video. These air packets, coming certainly from 
a partially-filled pipe, were not considered in the analysis as their bubble behaviours were not considered as 
individual bubble behaviour. 
48 
velocity was derived from the total vertical distance covered by the bubble during its lifetime. All 
experimental data sets showed similar results and the mean results are shown. 
In average, an air bubble was entrained every 0.15 s. The average distance between two successive 
bubbles was about Δx = 0.069 m. Since the distance between the bubbles was much larger than the 
average bubble size at the entrapment point (Table 4-8), most bubbles had an individual bubble 
behaviour. The average longitudinal bubble velocity was smaller than the inflow velocity: i.e., 
Vb/V1  0.46. Typically the bubble was decelerated once it was entrained away from the 
impingement point. Further, the bubble path was not perfectly vertical during all its lifetime. The 
median bubble dimension at the impingement point was almost identical in the longitudinal and 
normal directions: i.e., a  3.49 mm and b  3.47 mm respectively. Thus the bubbles were almost 
circular at the entrapment point. Below the impingement point, the normal bubble dimension 
decreased and the bubble shape became slightly flatter with increasing longitudinal distance.  
The different bubble behaviour data for V1 = 1.0 m/s are also presented in Table 4-8. Most 
individual bubbles presented a no-interaction behaviour (75%) or a breakup behaviour (10%). The 
low proportion of coalescence behaviour (5.5%) was consistent with the observations of 
predominant individual bubble behaviour for V1 = 1.00 m/s. 
 
4.5.3 Bubble breakup behaviour 
The characteristic features of bubble breakup were investigated for flow conditions with impact 
velocities V1 = 1.00 m/s, 1.12 m/s and 1.26 m/s. Observations included the bubble breakup count 
rate, breakup mechanism, proportion of breakup bubbles, size of mother bubbles, position of the 
breakup, number of daughter bubbles and their sizes. Herein, the focus is on the breakup of 
individual entrained bubbles. The bubble prior to breakup is called the mother bubble. The bubbles 
resulting from a breakup are called daughter bubbles. Following the initial breakup, called primary 
breakup, a number of daughter bubbles also experienced secondary breakups. This phenomenon 
was recorded for each impact velocity, and the specific results are presented separately. All breakup 
mechanisms presented secondary breakups (7) and other breakup mechanisms may be observed 
during the secondary breakups. 
 
 
                                                 
7 The secondary breakups also included the third, fourth fifth, etc.. breakup. 
49 
Table 4-8 - Individual bubble entrainment characteristics for V1 = 1.00 m/s, x1 = 0.02 m 
 
Data Nb. of Entrained Median Average      Median dimension      Entrainment behaviour  
set bubbles bubble 
count rate 
time 
sequence 
bubble 
velocity 
x-x1 =0.0 m x-x1 = 0.03 m x-x1 = 0.08 m x-x1 = 0.13 m x-x1 = 0.02 m No 
interaction 
Rise up Breakup Coalescence 
   
(Hz) 
 
(s) 
Vb 
(m/s) 
a 
(mm) 
b 
(mm) 
a 
(mm) 
b 
(mm) 
a 
(mm) 
b 
(mm) 
a 
(mm) 
b 
(mm) 
a 
(mm) 
b 
(mm) 
Nb 
bubbles 
Nb bubbles Nb 
bubbles 
Nb bubbles 
1 22 7.64 0.16 0.39 3.75 4.0 5.0 4.0 4.5 3.25 5.0 3.50 5.0 4.0 13 2 3 3 
2 18 5.41 0.19 0.39 3.0 4.0 3.0 3.0 4.0 3.0 3.0 3.0 3.5 3.0 15 2 1 0 
3 25 8.31 0.12 0.59 4.0 3.0 3.0 3.0 3.0 3.0 3.25 3.0 3.5 3.0 20 2 3 0 
4 23 8.43 0.13 0.46 4.0 4.0 3.0 3.0 3.0 3.0 3.25 3.0 4.0 3.0 18 1 2 2 
Total 88 -- -- -- -- -- -- -- -- -- -- -- -- -- 66 7 9 5 
Mean -- 7.45 0.15 0.46 3.49 3.47 3.43 3.42 3.45 3.41 3.50 3.46 3.63 3.25 -- -- -- -- 
 
Notes: a: longitudinal bubble dimension; b: normal bubble dimension. 
 
Table 4-9 - Bubble breakup characteristics –Primary breakup and secondary breakups (Present study) 
 
Impact 
velocity 
Investigation 
duration 
Nb of 
primary 
Proportion 
of 
 Primary breakups only  Secondary breakups included 
V1  bubble bubbles Breakup Number of breakup bubbles Nb. of Number of breakup bubbles 
 
(m/s) 
 
(s) 
breakups  count rate 
(Hz) 
Explosion 
mech. 
Stretching 
mech. 
Dejection 
mech.  
secondary 
breakups 
Explosion 
mech. 
Stretching 
mech. 
Dejection 
mech.  
1.00 11.9 9 0.10 0.75 3 4 2 9 3 4 2 
1.12 6.66 37 0.17 5.56 10 13 14 56 13 19 24 
1.26 3.33 24 0.17 8.49 3 12 9 45 6 23 16 
 
50 
Table 4-10 - Average area A of mother bubble during primary and secondary breakups 
 
Impact    Average area of mother bubble A (m2)    
velocity  Primary breakup only   Secondary breakups  
V1 (m/s) Explosion mech. Stretching mech. Dejection mech. All mechanisms Explosion mech. Stretching mech. Dejection mech. All mechanisms 
1.00 5.9910-5 5.0710-5 13.410-5 7.2210-5 5.9910-5 5.0710-5 13.410-5 7.2210-5 
1.12 8.4710-5 8.3210-5 8.3910-5 8.3910-5 9.2310-5 10.510-5 9.8410-5 9.9110-5 
1.26 22.010-5 8.1610-5 7.4110-5 9.610-5 12.110-5 8.2310-5 6.9610-5 8.2710-5 
 
Table 4-11 - Average number of daughter bubbles during primary and secondary breakups 
 
Impact    Average number of daughter bubbles    
velocity  Primary breakup only   Secondary breakups  
V1 (m/s) Explosion mech. Stretching mech. Dejection mech. All mechanisms Explosion mech. Stretching mech. Dejection mech. All mechanisms 
1.00 2.33 2.25 2.00 2.22 2.33 2.25 2.00 2.22 
1.12 2.50 2.00 2.00 2.14 2.46 2.00 2.00 2.11 
1.26 4.67 2.00 2.00 2.33 3.33 2.04 2.06 2.22 
 
 
Table 4-12 - Average longitudinal position (x-x1) of bubble breakup during primary and secondary breakups 
 
Impact   Average longitudinal  position  of breakup (x-x1) (m)   
velocity  Primary breakup only   Secondary breakups  
V1 (m/s) Explosion mech. Stretching mech. Dejection mech. All mechanisms Explosion mech. Stretching mech. Dejection mech. All mechanisms 
1.00 0.023 0.015 0.045 0.024 0.023 0.015 0.045 0.024 
1.12 0.027 0.029 0.040 0.033 0.033 0.031 0.036 0.035 
1.26 0.025 0.028 0.031 0.029 0.030 0.032 0.034 0.033 
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Three main breakup mechanisms were observed: (a) explosion mechanism, (b) stretching 
mechanism and (c) small dejection mechanism. The first breakup mechanism was the explosion 
mechanism. The breakup appeared without any particular split point (Fig. 4-11). The explosive 
breakup process consisted usually of three steps: the apparition of bubble instabilities, the explosion 
of the unstable bubble, and the formation of daughter bubbles. The mother bubbles were usually 
larger than for the other breakup mechanisms, and they had not a stable shape. The number of 
daughters could be larger than two. Figure 4-11 shows an example of a mother bubble with an 
explosive mechanism breaking up into multiples daughters. 
 
   
 
   
 
   
Fig. 4-11 - Explosion mechanism - Flow conditions: V1 = 1.26 m/s, x1 = 0.05 m - (1) Unstable 
bubble, A: t = 0.000 s; B: t = 0.007s; C: t = 0.015 s; (2) Explosion of the bubble, D: t = 0.019 s; E: t 
= 0.024 s; F: t = 0.026 s; (3) Multiples daughters, G: t = 0.031 s; H: t = 0.044 s; I: t = 0.058 s 
A B C 
D E F 
G H I 
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Fig. 4-12 - Split mechanism - Flow conditions: V1 = 1.26 m/s, x1 = 0.05 m - (1) Bubble stretching: 
A: t = 0.000 s; B: t = 0.007s; C: t = 0.012 s; (2) Independent daughters (8): D: t = 0.015 s; E: t = 
0.020; F: t = 0.022 s; (3) Daughters with different behaviours, G: t = 0.026 s; H: t = 0.035, I: t = 
0.077 s 
 
The second breakup mechanism was the stretching mechanism. Figure 4-12 illustrates an example: 
the mother bubble was stretched, until it broke into independent daughters with different behaviours 
(Fig. 4-12). Usually the number of daughter bubbles was equal to two, as seen in Figure 4-12. 
The third breakup mechanism was the small dejection mechanism (Fig. 4-13). Figure 4-13 
illustrates an example, with the first dejection, leading to a mother bubble and daughter bubble(s) 
with independent behaviours, sometimes followed by a second dejection and so on. During a 
                                                 
8 In the middle and right photographs (Fig. 4-12), a small dejection mechanism may be observed for the 
upper daughter bubble, creating a secondary breakup. This secondary breakup mechanism is presented later. 
A B 
I HG 
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dejection mechanism, the mother bubble was stretched, as in the precedent (stretching) mechanism. 
But the respective sizes of the mother and daughter bubbles were significantly different: it was 
possible to recognise clearly a mother bubble and daughter bubbles, of large and small sizes 
respectively. This process could be repeated more than once. Figure 4-13 shows an example of a 
mother bubble with two dejections (C and G), producing small daughter bubbles.  
Different parameters were investigated as functions of the impact velocity and breakup mechanism 
type, including the breakup count rate, proportion of bubbles with a breakup behaviour, size of 
mother bubble, average number of daughter bubbles and average vertical position of breakup. Since 
the observed number of breakup was relatively small, the experimental results must be considered 
with care. The data are summarised in Table 4-9 and Figures 4-14 and 4-15. The data showed that 
the bubble breakup count rate, and the proportion of entrained bubbles experiencing a (primary) 
breakup, increased with increasing impact velocity V1. Overall the proportion of each breakup 
mechanism was relatively similar and appeared not to be influenced by the secondary breakups. 
The average size of mother bubble and number of daughter bubbles were recorded as functions of 
the impact velocity and the breakup mechanism. The results are presented in Tables 4-10 and 4-11 
and in Figures 4-16 and 4-17, where the mother bubble size is characterised by the bubble two-
dimensional cross-section area A (9). Overall the size of the mother bubble increased with 
increasing impact velocity V1, from A = 72 mm2 to 96 mm2 in average for entrained bubbles with 
primary breakup when V1 increased from 1.0 m/s to 1.26 m/s (Table 4-10, Fig. 4-16). One 
exception was the bubbles with small dejection mechanism. Such bubbles appeared to be slightly 
smaller with increasing impact velocity. This specific result might be explained by the small 
number of bubbles with a small dejection behaviour at V1 = 1.00 m/s.  
The average number of daughter bubbles was about 2.2, but with marked differences between 
breakup mechanisms (Table 4-11). For the explosion mechanism, the number of daughter bubbles, 
increased with increasing impact velocity, while the number of daughter bubbles remained stable 
for the other breakup mechanisms (Fig. 4-17). Note that the secondary breakup data tended not to 
influence the general trends.  
The average vertical position of bubble breakup(s) varied as a function of the impact velocity 
(Table 4-12, Fig 4-18). Generally the longitudinal position of breakup increased with increasing jet 
impact velocity, although the small dejection breakup mechanism seemed to follow another trend. 
With the dejection breakup mechanism, the mother bubble tended to breakup further away from the 
impingement point than for other breakup mechanisms. Note that the secondary breakup data 
seemed not to influence the general trend. 
                                                 
9 That is, the cross-section area in the x-y plane, measured through the side window. 
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Fig. 4-13 - Dejection mechanism - Flow conditions: V1 = 1.26 m/s, x1 = 0.05 m - (1) First dejection, 
A: t = 0.000 s; B: t = 0,004 s; C: t = 0.007 s; (2) Daughter and mother independent behaviours, D: t 
= 0.012 s; E: t = 0.036 s; (3) Second dejection, F: t = 0.044 s; G: t = 0.047 s; (4) Mother and 
daughters independent behaviours, H: t = 0.051 s; I: t = 0.064 s 
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Fig. 4-14 - Bubble breakup count rate and proportion of entrained bubbles experiencing primary 
breakup as functions of the impact velocity V1 
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Fig. 4-15 - Proportion of the different breakup mechanisms as a function of the impact velocity V1 
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Fig. 4-16 - Average size of mother bubble as a function of the impact velocity 
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Fig. 4-17 - Average number of daughters bubbles as a function of the impact velocity 
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Fig. 4-18 - Average vertical position of breakup as function of the impact velocity 
 
4.6 BUBBLE COALESCENCE 
Coalescence is defined when two bubbles came into contact and interacted with each other. In the 
present study, the coalescence mechanisms were investigated for three different impact velocities 
V1 = 1.00, 1.12 and 1.26 m/s (10) corresponding to two different jet lengths x1 = 0.02 m for V1 = 
1.00 m/s; and x1 = 0.05 m for V1 = 1.12 and 1.26 m/s. The Phantom ultra-high speed digital camera 
was operated at 10,000 fps, each video was 3.33 s long and analysed manually. The bubbles before 
coalescence are called parent bubbles, the bubble resulting from the coalescence is called mother 
bubble, and bubbles after the breakup of the mother bubble are called daughter bubbles. 
Some qualitative observation showed that the coalescence appeared more frequently than bubble 
breakup for V1 = 1.12 and 1.26 m/s. In most cases, bubbles formed by coalescence were unstable 
and experienced some breakup later in their lifetime. Overall four basic mechanisms of coalescence 
were observed: (a) bubbles rebound, (b) bubble kiss and go, (c) true bubble coalescence and (d) 
collapse due to "coalescence". The influence of the jet impact velocity was investigated on a 
number of properties, including the coalescence count rate, proportion of bubble with a coalescent 
                                                 
10 As presented in section 4.3, the flow conditions corresponding to impact velocities V1 = 1.26 and 1.36 m/s 
presented similar behaviours. Therefore the largest impact velocity V1 = 1.36 m/s was not investigated 
herein. 
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behaviour, mechanism of coalescence, average size of parent bubbles, average size of mother 
bubble, average vertical position of coalescence, average duration of coalescence, average distance 
covered by mother bubble, subsequent breakup mechanisms, average number of daughters and 
average number of secondary breakup(s). 
The first coalescence mechanism was the rebound mechanism. A typical rebound process included 
first the bubble attraction, followed by the bubble repulsion after rebound. In this mechanism, two 
bubbles interacted with each other without any air exchange between the bubbles. Herein, rebound 
was considered when the bubble interaction influenced the shape and/or direction and/or velocity of 
the bubbles (Fig. 4-19). Since there was no air exchange, the parent bubbles did not form a mother 
bubble. Figure 4-19 shows two bubbles interacting with each other and influencing their shapes 
without any air exchange. 
 
   
 
   
Fig. 4-19 - Rebound mechanism - Flow conditions: V1 = 1.26 m/s, x1 = 0.05 m - Bubble attraction: 
A: t = 0.000 s; B: t = 0.005 s; C: t = 0.012 s; Bubble repulsion, D: t = 0.016 s; E: t=0.023 s; F: t = 
0.038 s 
 
The second coalescence mechanism was the kiss and go mechanism. Two bubbles (or more) 
interacted with each other, with some air exchange between the bubbles (Fig. 4-20). The entire 
process consisted of the initial bubble attraction, the "kiss", followed by bubble repulsion, the "go", 
after the "kiss". The mother bubble was created by two (or more) parents; it had not a perfect shape 
and could clearly be seen as the result of the interactions between two (or more) bubbles. After the 
A B C 
D E F 
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"kiss", the two (or more) parents separated. The size of the mother bubble could be slightly different 
from that of the parent bubbles. Figure 4-20 shows two bubbles kissing and exchanging some air (A 
to G) followed by a breakup behaviour (H and I).  
 
   
 
   
 
   
Fig. 4-20 - Kiss and go mechanism - Flow conditions: V1 = 1.12 m/s, x1 = 0.05 m - Bubble 
attraction: A: t=0.000 s; B: t = 0.005 s; C: t = 0.009 s; Bubble kiss: D: t = 0.015 s; E: t = 0.020 s; F: 
t = 0.025 s; Bubble repulsion, G: t = 0.031 s; H: t = 0.035 s; I: t = 0.039 s 
 
The third coalescence mechanism was a true coalescence mechanism. Two (or more) bubbles 
coalesced into a single bubble with a stable shape (Fig, 4-21). However, it was observed that the 
resulting mother bubble was not always stable. This was usually followed by some subsequent 
breakup (Fig. 4-21G, H & I). The breakup mechanisms were the same as previously presented in 
Section 4.5.3. Figure 4-21 shows two parent bubbles forming a stable shape (A to G) mother bubble 
followed by a breakup behaviour (H and I). 
 
A 
E 
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D F 
G H I 
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Fig. 4-21 - True coalescence mechanism - Flow conditions: V1 = 1.12 m/s, x1 = 0.05 m - Bubble 
attraction: A: t = 0.000 s; B: t = 0.016 s; C: t = 0.028 s; Bubble coalescence: D: t = 0.034 s; E: t = 
0.042 s; F: t = 0.048 s; Bubble breakup: G: t = 0.053 s; H: t = 0.035 s; I: t = 0.086 s 
 
The last coalescence mechanism was a collapse due to coalescence behaviour mechanism. Basically 
a bubble had a breakup behaviour directly caused by the presence of and interactions with another 
parent bubble at a distance smaller than the radius of the parent bubbles. The bubble behaviour was 
highly influenced by a close proximity of another bubble (Fig. 4-22). Unfortunately, this 
mechanism was only observed during qualitative observations and could not be quantified. There 
was no air exchange between bubbles during this coalescence mechanism and the parent bubbles 
did not form a mother bubble. Fig. 4-22 shows a bubble breaking up linked to the proximity of 
another bubble.  
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Fig. 4-22 - Collapse due to coalescent behaviour mechanism - Flow conditions: V1 = 1.12 m/s, x1 = 
0.05 m - Stable bubble attraction: A: t = 0.000 s; B: t = 0.010 s; C: t = 0.036 s; Bubble breakup: D: t 
= 0.042 s; E: t = 0.050 s, F: t = 0.062 s 
 
Discussion 
In general, the number of observed coalescence was relatively small, particularly for the smallest 
impact velocity V1 = 1.00 m/s (Table 4-13), and the present results must be considered with care. 
The discussion herein is focused on: coalescence count rate and proportion of each mechanism, 
average size of parent bubbles and mother bubble, average vertical position, duration and distance 
covered of coalescence and breakup mechanisms. 
The coalescence count rate and proportion of bubbles experiencing coalescence increased with 
increasing impact velocity. The coalescence count rate, proportion of bubble with a coalescent 
behaviour and the coalescent mechanism data are presented in Table 4-14 and Figures 4-23 and 4-
24. The kiss and go mechanism was the most observed mechanism and the collapse due to 
coalescence mechanism was rarely observed. The proportion of coalescent mechanism was found to 
be independent of jet impact velocity. 
The average parent bubble surface area tended to increase with increasing impact velocity. No 
correlation between the coalescent mechanism and parent bubble surface area was observed. The 
same general trend was observed for the mother bubble. The average mother bubble area was 
approximately twice as large as the parent bubbles surface area. The average surface area of parent 
bubbles and mother bubble data are presented in Table 4-14 and Figures 4-25 and 4-26. 
A B C 
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The average vertical position of coalescence and average distance covered during coalescence and 
average duration of coalescence data are presented in Table 4-15 and Figures 4-27 and 4-28. In 
average, bubbles with true coalescent mechanism were observed to have a coalescent behaviour 
further away from the impinging point. These bubbles also covered a larger distance than all other 
coalescence mechanisms. No relation between average longitudinal position of coalescence or the 
average distance covered during coalescence and the impact velocity was observed. 
Bubbles with a true coalescent mechanism had a longer coalescence duration than all others 
coalescent mechanisms. The average duration of coalescence increased with increasing jet impact 
velocity. The duration of coalescence data are presented in Table 4-15 and Figure 4-29. 
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Fig. 4-23 (Left) - Coalescence count rate and proportion of bubble with a coalescence behaviour as 
functions of the impact velocity V1 
Fig. 4-24 (Right) - Proportion of coalescent mechanism as a function of the impact velocity V1 
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Table 4-13 - Experimental observations of bubble coalescence 
 
Impact velocity Investigation Coalescence Proportion of bubbles Nb. of  Number of coalescence  
V1 (m/s) duration (s) rate (Hz) with coalescent 
behaviour 
coalescence Kiss & go 
mech. 
True coal. 
mech. 
Rebound 
mech.  
Collapse 
coal. mech.  
1.00 11.9 0.42 0.114 5 4 1 0 0 
1.12 2.76 8.70 0.531 24 15 5 4 0 
1.26 2.16 15.3 0.617 33 20 7 6 0 
 
Table 4-14 - Experimental observations of bubble coalescence events: average size of parent and mother bubbles 
 
Impact velocity   Average area A (m2)    
V1 (m/s)  Parent bubbles  Mother bubble  
 Kiss & go mech. True coal. mech. Rebound mech. All mech. Kiss & go 
mech. 
True coal. 
mech. 
All mech. 
1.00 2.9410-5 13.410-5 -- 5.0310-5 7.8510-5 16.910-5 9.6710-5 
1.12 6.2910-5 4.9810-5 6.0510-5 5.7310-5 15.410-5 11.610-5 12.010-5 
1.26 6.0410-5 10.310-5 4.6510-5 6.6910-5 17.410-5 21.010-5 15.010-5 
 
Table 4-15 - Experimental observations of bubble coalescence events: average longitudinal position of coalescence, distance covered during 
coalescence and average duration of coalescence 
 
Impact Average longitudinal position (x-x1) (m) Average distance covered (m) Average duration of event (s) 
velocity 
V1 (m/s) 
Kiss & go 
mech. 
True coal. 
mech. 
Rebound 
mech. 
All mech. Kiss & go 
mech. 
True coal. 
mech. 
Rebound 
mech. 
All mech. Kiss & go 
mech. 
True coal. 
mech. 
Rebound 
mech. 
All mech. 
1.00 0.0355 0.045 -- 0.037 0.014 0.013 -- 0.014 0.016 0.040 -- 0.020 
1.12 0.068 0.085 0.0395 0.065 0.011 0.015 0.012 0.011 0.033 0.034 0.022 0.030 
1.26 0.0348 0.072 0.112 0.057 0.015 0.016 0.013 0.015 0.028 0.048 0.027 0.032 
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Fig. 4-25 (Left) - Average area of parent bubbles as a function of the impact velocity V1 
Fig. 4-26 (Right) - Average area of mother bubble as a function of the impact velocity V1 
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Fig. 4-27 (Left) - Average longitudinal position x-x1 of coalescence events as a function of the 
impact velocity V1 
Fig. 4-28 (Right) - Average longitudinal distance covered during coalescence as a function of the 
impact velocity V1 
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Fig. 4-29 - Average duration of coalescence event as a function of impact velocity V1 
 
The subsequent breakup mechanisms of coalescent bubbles were investigated. Results are presented 
in Table 4-16 and Figure 4-30. The breakup mechanisms were similar to those of individual bubbles 
(Section 4.5.3), except for the small dejection mechanism which was not observed. The explosion 
mechanism seemed to be slightly more frequent than the stretching mechanism. The proportion of 
those mechanisms tended to become similar with increasing jet impact velocity. 
The average number of successive breakup and the average number of daughter bubbles data are 
presented in Table 4-17 and Figures 4-31 and 4-32. No relation between the coalescent bubbles 
breakup mechanism and average number of successive breakup or the average number of daughters 
was observed. However, the average number of successive breakup and average number of 
daughters increased significantly with increasing jet impact velocity. The average number of 
daughter of coalescent bubbles tended to be larger than for an individual bubble with a breakup 
behaviour (Section 4.5.3). 
 
Table 4-16 - Experimental observations: breakup mechanism of coalescent bubbles 
 
Number of breakup bubbles  Proportion of mechanisms 
Impact velocity 
V1 (m/s) 
Explosion 
mech. 
Stretching mech. Dejection 
mech. 
Explosion 
mech.  
Stretching 
mech. 
1.00 3 2 0 0.600 0.400 
1.12 11 8 0 0.579 0.421 
1.26 14 12 0 0.538 0.462 
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Fig. 4-30 - Proportion of breakup mechanism as function of the impact velocity V1 
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Fig. 4-31 (Left) - Average number of successive breakup as a function of the impact velocity V1 
Fig. 4-32 (Right) - Average number of daughter bubbles as a function of the impact velocity V1 
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Table 4-17 - Experimental observations: average number of successive breakup of the mother 
bubble and average number of daughter bubbles after breakup of a coalescent mother bubble 
 
Impact 
velocity 
Average number of 
breakups 
successive  Average number of 
bubbles 
daughter  
V1 (m/s) Explosion 
mech. 
Stretching 
mech. 
All mech Explosion 
mech. 
Stretching 
mech. 
All mech 
1.00 1.00 1.00 1.00 2.50 2.00 2.30 
1.12 1.00 1.09 1.04 2.00 2.18 2.08 
1.26 1.64 1.50 1.54 2.79 2.83 2.81 
 
4.7 AIR PACKET ANALYSIS 
Entrained air-packets were observed for all impact velocity between 1.87 ≤ V1 ≤ 4.24 (Fig. 4-33). 
Air packets were created with the stretching and breaking of the air-cavity at the impinging point 
(CHANSON and BRATTBERG 1996, CHANSON 1997). An air packet was defined as a packet 
with a large number of air bubbles and illustrated in CHANSON (1997, Fig. 6-2) and Figure 4-33. 
The frequency of air packet entrainment and the advection process were investigated herein. Video 
movies (600 fps) were analysed manually every 0.02 s (1 in 20 frames) for 30 s. Experimental 
results are summarised in Table 4-18 and Figure 4-34. For comparison, the results in terms of water 
level fluctuations (Section 4.4) were also added in Figure 4-34 (Grey symbols). 
The results showed that the air packet frequency increased with increasing jet impact velocity from 
15 Hz to 25 Hz (Fig. 4-34A). Whereas the dimensionless air packet frequency was within the range 
of 0.03 to 0.07 for all Froude numbers (Fig. 4-34B). Interestingly, the air packet frequency was one 
order of magnitude larger than the water level fluctuations frequency. 
 
Table 4-18 - Experimental observations: air packet frequency data 
 
Impact 
velocity 
V1 (m/s) 
Jet length 
x1 (m) 
Jet 
thickness 
d1 (m) 
Froude 
number  Fr1 
Air packet 
frequency 
(Hz) 
Air packet 
Strouhal 
number 
Pool free-surface 
fluctuation 
frequency (1) 
(Hz) 
1.87 0.10 0.0080 6.70 15.3 0.065 2.17 
2.34 0.20 0.0064 9.38 15.9 0.043 2.33 
2.72 0.30 0.0055 11.8 17.2 0.035 2.40 
4.00 0.10 0.0112 12.1 19.1 0.053 1.57 
4.12 0.15 0.0108 12.6 18.6 0.049 1.60 
4.24 0.20 0.0105 13.2 24.7 0.061 2.10 
 
Note: (1): filtered signal data. 
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Fig. 4-33 - Photograph and definition of advected air packets - Flow conditions: V1 = 2.34 m/s, x1 = 
0.20 m/s. 
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(A, Left) Advected air packet frequency as a function of the jet impact velocity V1 
(B, Right) Advected air packet Strouhal number as a function of the Froude number Fr1 
Fig. 4-23 - Advected air packet frequency as a function of jet impact flow conditions 
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5. AIR-WATER FLOW PROPERTIES IN THE PLUNGE POOL 
5.1 PRESENTATION 
A water jet plunging into a pool of still water may cause some air entrainment if the jet impact 
velocity is larger than the onset velocity (Fig. 5-1). The air-water flow properties beneath the 
impingement point of a two-dimensional supported free-falling plunging jet are presented herein. 
Four different impact velocities V1 = 2.49 m/s, 3.80 m/s, 5.55 m/s and 7.43 m/s were tested with the 
same jet length x1 = 0.100 m. A summary of the experimental flow conditions is presented in Table 
5-1. Basic results are presented herein and the detailed experimental data are presented in Appendix 
F. The void fraction and bubble count rate data are presented in Sections 5.2 and 5.3 respectively. 
The probability density functions of bubble chord length are discussed in Section 5.4. The air-water 
interfacial velocity, auto-correlation time scale and turbulence intensity are shown in Section 5.5. 
The clustering parameters: cluster count rate, proportion of bubbles in cluster and average number 
of bubbles per cluster are presented in Section 5.6. Herein the bubble clustering properties were 
derived based on the near-wake criterion and were only analysed for C < 0.3. Finally, the air flux 
data are presented in Section 5.7. 
 
Table 5-1 - Phase-detection probe measurements in planar supported plunging jet flows 
 
Reference Jet length 
x1 (m) 
Impact 
Velocity 
V1 (m/s) 
Equivalent 
clear water jet 
thickness 
d1 (m) 
Reynolds 
number 
Re1 
Instrumentation 
Present study 0.10 2.49 0.104 2.83104 Dual-tip phase detection probe 
 0.10 3.80 0.115 4.89104 (Ø = 0.25 mm) 
 0.10 5.55 0.127 7.88104  
 0.10 7.43 0.127 1.05105  
CHANSON (1995a) 0.09 2.36 to 
9.0 
0.010 to 
0.012 
2.39104 to 
1.07105 
Single-tip phase detection probe 
(Ø = 0.35 mm) 
CUMMINGS and 0.0875 2.39 0.010 2.37104 Dual-tip phase detection probe 
CHANSON (1997a,b) 0.0875 6.14 0.0117 7.14104 (Ø = 0.025 mm) 
BRATTBERG and 
CHANSON (1998) 
0.05 4.0 0.0118 4.69104 Dual-tip phase detection probe (Ø 
= 0.025 mm) 
 0.10 2.0 to 8.0 0.009 to 
0.0121 
1.79104 to 
9.68104 
 
 0.15 4.0 0.0114 4.53104  
CHANSON and 
BRATTBERG (1998) 
0.09 2.0 to 4.0 0.0090 to 
0.0116 
1.79104 to 
4.61104 
Dual-tip phase detection probe (Ø 
= 0.025 mm) & conical hot-film 
probe (Ø = 0.3 mm) 
 
Note: all experiments conducted with jet nozzle thickness do = 0.012 m and vertical plunging jets. 
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Fig. 5-1 - Definition sketch of air entrainment by a vertical supported jet. 
 
5.2 TIME-AVERAGED VOID FRACTION DISTRIBUTIONS 
A large amount of entrained air was observed below the impingement point for jet impact velocities 
V1 larger than the onset velocity Ve (Section 4.2). Typical time-averaged void fraction profiles are 
presented in Figure 5-2 (1). At each cross-section, the experimental data followed a quasi-Gaussian 
distribution. Namely, the time-averaged void fraction increased with increasing distance from the 
jet support until a maximum value Cmax, and then decreased further away from the jet support. With 
increasing longitudinal distance from the impingement point, the void fraction distributions 
flattened, indicating an advective diffusion process (Fig. 5-2). Figure 5-2 shows substantial 
differences in terms of void fraction profiles between two impact velocities V1 = 2.49 m/s and 7.43 
m/s. At a given cross-section, the maximum void fraction increased with increasing jet impact 
velocity, albeit the void fraction distribution was self-similar. Note that Figure 5-2 (Right) shows 
                                                 
1 Figure 5-2 includes also void fraction data collected downstream of the support's lower end (x-x1 > 0.3 m). 
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also a air diffusion process below the support, that is, at x-x1 = 0.30 m, 0.35 m and 0.43 m (2). 
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Fig. 5-2 - Dimensionless distributions of time-averaged void fraction (left: V1 = 2.49 m/s, right: V1 
= 7.43 m/s) at several longitudinal locations - Comparison with theoretical time-averaged void 
fraction profile (Eq. (5.3)) at x-x1 = 0.02 m, 0.10 m and 0.24 m 
 
At each cross-section, three void fraction distribution properties were documented systematically: 
i.e., the maximum void fraction Cmax, the normal location YCmax of the maximum time-averaged 
void fraction and the turbulent diffusivity coefficient Dt. 
The maximum time-averaged void fraction data are presented in Figure 5-3 as functions of the 
longitudinal distance below the impingement point. They are compared to the observations of 
BRATTBERG and CHANSON (1998). Overall the maximum void fraction Cmax decreased with 
increasing longitudinal distance from the impingement, for all the jet impact velocities. The data 
were best fitted by a power law decay model:  
 max 1C (x x )  (5.1) 
with an average standard error of 0.0214 and average correlation coefficient of 0.973. The best data 
fit (i.e.  = -0.35) is presented in Table 5-2 and compared with experimental results in Figure 5-3 
and Table 5-2. The present results compared favourably to previous studies (CHANSON 1995a, 
BRATTBERG and CHANSON 1998). 
The location of maximum time-averaged void fraction increased with increasing distance below the 
                                                 
2 For cross-sections below the PVC support (i.e. x-x1 = 0.30 m, 0.35 m and 0.43 m), the air-water flow 
properties were investigated behind the support. As zero position (y=0) refers to the PVC jet support, 
measurements at negative y-locations were conducted for x > 0.35 m. 
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impingement point. The characteristic location of maximum time-averaged void fraction data are 
presented in Figure 5-4 and compared to the data of BRATTBERG and CHANSON (1998). The 
horizontal position of maximum void fraction was observed to be independent of jet impact 
velocity. The relation between maximum time-averaged void fraction horizontal location YCmax and 
longitudinal distance from the impingement point was best fitted by a linear interpolation: 
 Cmax 1
1 1
Y x x1.00 0.0914d d
    for 0 ≤ (x-x1)/d1 ≤ 38  (5.2) 
with a standard error equal to 0.351 and a correlation coefficient equal to 0.874. Equation (5.2) is 
compared to both present observations and the data of BRATTBERG and CHANSON (1998) in 
Figure 5-4. 
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Fig. 5-3 - Maximum void fraction Cmax as function of the longitudinal position (x-x1)/d1 - 
Comparison between experimental data (Present study, BRATTBERG and CHANSON 1998) and 
Equation (5-1) 
 
Table 5-2 - Maximum void fraction decay model in vertical plunging jets 
 
Reference Maximum void fraction decay model Comment 
Present study 0.35max 1C (x x )  (x-x1)/d1 < 25 
CHANSON (1995a) 0.44max 1C (x x )  (x-x1)/d1 < 45 
BRATTBERG and CHANSON (1998) 0.59max 1C (x x )   
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Fig. 5-4 - Dimensionless location of the characteristic position YCmax/d1 in vertical supported 
plunging jets - Comparison between experimental data (Present study, BRATTBERG and 
CHANSON 1998) and Equation (5-2) 
 
For a two-dimensional plunging jet, the air bubble advective diffusion process may be modelled by 
a theoretical solution of the advective diffusion theory for air bubbles (CHANSON 1997, 
CUMMINGS and CHANSON 1997a). The solution is valid in both developing bubbly and fully-
aerated flow regions (CUMMINGS and CHANSON 1997a): 
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
 (5.3) 
where Qair is the air flux as function of the vertical distance below the impingement point (see 
Section 5.7), Qw is the water discharge, YCmax is the location of maximum time-averaged void 
fraction and D# is the dimensionless air bubble diffusivity defined as: 
 
max
# t
1 C
D DV Y   (5.4) 
with Dt the turbulent diffusivity coefficient. The present experimental data compared well to 
Equation (5.3), as seen in Figure 5-2. Note that Equation (5.3) yields a relationship between the 
maximum void fraction Cmax, the dimensionless diffusivity and the dimensionless entrained air flux: 
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# 1
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w
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Q
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4 D x xY

 
 (5.5) 
Estimates of the turbulent diffusivity were based upon the best data fit. The results are presented in 
Table 5-3 and Figure 5-5. In Figure 5-5A, the present data are compared to the results of 
BRATTBERG and CHANSON (1998) and CUMMINGS (1996) (3). Altogether the dimensionless 
results were independent of the jet impact velocity. The dimensionless turbulent diffusivity 
coefficient decreased with increasing longitudinal distance below the impingement point for (x-
x1)/d1 ≤ 10 and was about constant for (x-x1)/d1 > 10 (Fig. 5-5). Figure 5-5B shows the 
dimensionless turbulent diffusivity as a function of the local Reynolds number defined as Rex = 
wV1(x-x1)/w. The results showed that the turbulent diffusivity decreased towards a minimum 
value between 0.6 ≤ Dt/(V1×d1) ≤ 1.0 for Reynolds numbers Rex > 106. For comparison, the 
dimensionless diffusivity ranged from 8×10-3 to 0.1 in hydraulic jumps (CHANSON 2010), from 
0.1 to 0.5 in smooth chute flows (CHANSON 1995b,1997) and from 5×10-3 to 3×10-2 on stepped 
spillways (ZHANG and CHANSON 2016), albeit some difference might be accounted for different 
definitions. 
 
5.3 BUBBLE COUNT RATE 
For a given void fraction, the bubble count rate F characterises the bubble density and is 
proportional to the air-water specific interface area. Typical bubble count rate profiles are presented 
in Figure 5-6 (4) where the bubble count rate is presented in dimensionless form: St = F×d1/V1. For 
a given cross-section, the data followed a pseudo-Gaussian distribution: i.e., the bubble count rate 
increased with increasing distance from the jet support until a maximum value Fmax at a 
characteristic location YFmax, and decreased for y > YFmax. With increasing longitudinal distance 
below the impingement point, the bubble count rate profiles flattened. The maximum bubble count 
rate increased with increasing jet impact velocity within similar longitudinal profiles. 
 
                                                 
3 Previous studies assumed a constant turbulent diffusivity coefficient for x-x1 ≤ 0.1 m. Thus these 
experimental results are presented for x-x1 = 0.1 m in Figure 5-5. 
4 Figure 5-6 includes also bubble count rate data collected downstream of the support's lower end (x-x1 > 0.3 
m). 
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Table 5-3 - Turbulent diffusivity coefficients of air bubbles in the developing shear flow region of 
vertical planar plunging jets 
 
Impact 
velocity V1 
(m/s) 
Distance from 
impingement point 
x-x1 (m) 
Turbulent 
diffusivity coeff. 
Dt (m2/s) 
Impact 
velocity 
V1 (m/s) 
Distance from 
impingement point 
x-x1 (m) 
Turbulent 
diffusivity coeff. 
Dt (m2/s) 
2.49 0.02 3.20×10-3 3.80 0.02 1.45×10-2 
 0.03 2.08×10-3  0.03 9.00×10-3 
 0.05 2.19×10-3  0.05 6.21×10-3 
 0.07 1.63×10-3  0.07 5.36×10-3 
 0.10 1.71×10-3  0.10 3.62×10-3 
 0.13 9.16×10-4  0.13 3.32×10-3 
 0.16 1.39×10-3  0.16 5.13×10-3 
 0.24 1.74×10-3  0.24 4.09×10-3 
5.55 0.02 1.15×10-2 7.43 0.02 1.86×10-2 
 0.03 7.69×10-3  0.03 1.52×10-2 
 0.05 8.25×10-3  0.05 1.14×10-2 
 0.07 7.75×10-3  0.07 1.25×10-2 
 0.10 6.65×10-3  0.10 8.00×10-3 
 0.13 6.71×10-3  0.13 7.56×10-3 
 0.16 5.20×10-3  0.16 9.23×10-3 
 0.20 4.10×10-3  0.20 7.76×10-3 
 0.24 5.24×10-3  0.24 6.90×10-3 
 0.3 4.00×10-3  0.30 6.55×10-3 
 0.350 6.00×10-3  0.35 8.42×10-3 
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(A) Dimensionless turbulent diffusivity coefficient as a function of the dimensionless longitudinal 
distance (x-x1)/d1 - Comparison between experimental observations (Present study, CUMMINGS 
1996, BRATTBERG and CHANSON 1988) 
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(B) Dimensionless turbulent diffusivity coefficient as a function of the Reynolds number Rex = 
wV1(x-x1)/w 
Fig. 5-5 - Dimensionless turbulent diffusivity of air bubbles Dt/(V1×d1) in planar plunging jets 
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 Fig. 5-6 - Dimensionless distribution of bubble count rate below the impingement point (left: V1 = 
2.49 m/s, right: V1 = 7.43 m/s) 
 
The longitudinal variations of maximum bubble frequency Fmax are presented in Figure 5-7 and 
compared to the data of BRATTBERG and CHANSON (1998). Note that this study used a finer 
phase-detection probe sensor, with a diameter of Ø = 25 m (Table 5-1), which was able to detect 
smaller bubbles than the phase-detection probe used in the present study. For all flow conditions, 
the maximum bubble count rate increased with increasing jet impact velocity. For a given jet 
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velocity, the longitudinal distributions of maximum bubble count rate exhibited some parabolic 
shape with increasing distance beneath the impingement perimeter. This trend suggested that 
entrained air bubbles were broken up into smaller bubbles immediately downstream of the 
impinging point, and the characteristic bubble count rate Fmax reached a longitudinal maximum 
value (Fmax)max for 7 < (x-x1)/d1 < 11 (Fig. 5-7). This observation was consistent with the earlier 
findings of BRATTBERG and CHANSON (1998). For the present data, the longitudinal maximum 
was found to increase monotonically with the inflow velocity: 
 
0.8016max
3max 1 1 e 1
w
1 w
(F ) d (V V ) d1.016 10V
          
 for 0.9 < V1 < 7.4 m/s (5.6) 
where Ve is the onset velocity of air bubble entrainment. 
 
Fmaxd1/V1
(x-
x 1)
/d 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
40
35
30
25
20
15
10
5
0
V1 = 2.49 (m/s) - Leading tipV1 = 2.49 (m/s) - Trailing tipV1 = 3.80 (m/s) - Leading tipV1 = 3.80 (m/s) - Trailing tipV1 = 5.55 (m/s) - Leading tipV1 = 5.55 (m/s) - Trailing tipV1 = 7.43 (m/s) - Leading tipV1 = 7.43 (m/s) - Trailing tipV1 = 3 (m/s)- Brattberg & ChansonV1 = 4 (m/s) - Brattberg & ChansonV1 = 6 (m/s) - Brattberg & ChansonV1 = 8 (m/s) - Brattberg & Chanson
 
Fig. 5-7 - Longitudinal distributions of maximum bubble count rate below the impingement point of 
planar plunging jets - Comparison between present data and experiments by BRATTBERG and 
CHANSON (1998) for x1 = 0.1 m 
 
The characteristic location YFmax of maximum bubble count rate increased with increasing 
longitudinal distance below the impingement point, independently of the jet impact velocity. The 
results are presented in Figure 5-8 where the present data are compared to those of BRATTBERG 
and CHANSON (1998). All the experimental data were best fitted by: 
 Fmax 1
1 1
Y x x1.00 0.0479d d
     
 for 0 ≤ (x-x1)/d1 ≤ 38  (5.7) 
with a standard error equals to 0.234 and correlation coefficient equals to 0.789. Equation (5.7) is 
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plotted in Figure 5-8, showing a close agreement with the data. In comparison to the position of 
maximum void fraction (Eq. (5.2)), the position of maximum bubble count rate was slightly closer 
to the jet support: YFmax < YCmax. The finding suggested that air diffusion layer and developing 
shear layer did not overlap. 
Finally the relationship between bubble count rate and void fraction is presented in Figure 5-9 at 
given cross-sections. All experimental data highlighted, at each cross-section, a hysteresis process 
between the bubble count rate and time-averaged void fraction, depending upon the distance from 
the support. For y < YCmax, the bubble count rate was larger than for y > YCmax, for a given void 
fraction, as reported by BRATTBERG and CHANSON (1998). 
 
5.4 PROBABILITY DENSITY FUNCTION OF BUBBLE CHORD LENGTH 
The probability density function of bubble chord length was investigated at four characteristic 
locations: namely close to the jet support, at y = YFmax, at y = YCmax and at the location of maximum 
air-water interfacial velocity gradient (V/y)max. Typical results are presented in Figure 5-10. In 
each graph, the histogram columns represent the probability of a bubble chord length in 0.5 
millimetre intervals for bubble chord lengths between 0 and 19.5 mm. For example the column 2 
mm corresponds to the probability of bubble chord length between 2 mm and 2.5 mm. Data for 
bubble chord lengths larger than 20 mm are reported as 20 mm chord length in Figure 5-10. 
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Fig. 5-8 - Longitudinal variation of the characteristic position of maximum bubble count rate in 
vertical plunging jets - Comparison between present data, experiments by BRATTBERG and 
CHANSON (1998) for x1 = 0.1 m and Equation (5.7) 
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(A) Dimensionless relationship between F/Fmax and void fraction 
Fig. 5-9 - Dimensionless relationship between bubble count rate and void fraction in a plunging jet 
flow - Flow conditions: V1 = 7.43 m/s, x1 = 0.1 m 
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(A) V1 = 2.49 m/s, x1 = 0.10 m, top: x-x1 = 0.05 m; middle: x-x1 = 0.10 m; bottom: x-x1 = 0.24 m 
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(B) V1 = 7.43 m/s, x1 = 0.10 m, top: x-x1 = 0.05 m; middle: x-x1 = 0.16 m; bottom: x-x1 = 0.43 m 
Fig. 5-10 - Probability density functions of bubble chord length in plunging jet flows 
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Generally the data showed similar trends for all impact velocities: V1 = 2.49 m/s to 7.43 m/s. The 
data exhibited a broad range of bubble chord length at each cross-section from less than 0.5 mm to 
more than 20 mm. The distributions were skewed with a preponderance of small bubble sizes 
relative to the mean. A largest likelihood of bubble chord length was observed between 0.5 and 1.5 
mm. The proportion of large bubbles increased with increasing jet impact velocity at a longitudinal 
cross-section (x-x1). 
The bubble chord length data showed the gradual disappearance of largest bubble chord lengths 
with increasing longitudinal distance below the impingement point. This observation may reflect a 
combination of detrainment of very large bubbles as well as the breakup behaviour of large bubbles 
in the shear layer, as reported by BRATTBERG and CHANSON (1998) (also CUMMINGS and 
CHANSON 1997b). At each cross-section, the average bubble chord increased with increasing 
distance from the jet support for a given impact velocity, suggesting a larger proportion of small 
bubbles towards the jet support. 
 
5.5 TIME-AVERAGED AIR-WATER INTERFACIAL VELOCITY, AUTO-CORRELATION 
TIME SCALE AND TURBULENCE INTENSITY  
5.5.1 Presentation 
The distributions of time-averaged air-water interfacial velocity V, auto-correlation time scale Txx 
and turbulent intensity Tu are presented herein. These air-water flow properties were derived from a 
cross-correlation analysis between the dual-tip phase-detection probe sensor signals. The signal 
processing is discussed in Section 2.3 and the detailed results are presented in Appendix F.  
Downstream of the impinging point, the air-water flow is basically a free-shear layer (CUMMINGS 
and CHANSON 1997b). Momentum is transferred from the high-velocity jet core to entrain the 
surrounding fluid. Based upon a Prandtl mixing length model, GOERTLER (1942) solved 
analytically the equation of motion in a free-shear layer (RAJARATNAM 1976, SCHLICHTING 
1979): 
 50
max 1
K (y y )V 1 1 erfV 2 x x
          
 (5.8) 
where Vmax is the free-stream velocity, y50 is the characteristic location where V = Vmax/2 (Fig. 5-
11) and K derives from the assumption of a constant eddy viscosity νT across the shear-layer: 
 T 1 121 (x x ) V4 K      (5.9) 
K is inversely proportional to the expansion rate of the momentum shear layer. For monophase 
shear layers, K is between 9 and 13.5, within a generally-accepted value of 11 (RAJARATNAM 
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1976, SCHLICHTING 1979, SCHETZ 1993). The air bubble diffusion of the air-water flows may 
affect the properties of the shear layer (BRATTBERG and CHANSON 1998). 
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Fig. 5-11 - Definition sketch of the air-water velocity profile distribution in a free-shear layer 
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Fig. 5-12 - Distributions of time-averaged air-water interfacial velocity in vertical supported 
plunging jets (left: V1 = 2.49 m/s, right: V1 = 7.43 m/s) - Comparison with Equation (5.8) at x-x1 = 
0.02 m, 0.10 m and 0.24 m 
 
Two-phase air-water velocity distribution data are presented in Figure 5-12 (5). For a given cross-
section, the time-averaged interfacial velocity profiles followed closely the theoretical profile. The 
                                                 
5 Figure 5-6 includes also velocity data collected downstream of the support's lower end (x-x1 > 0.3 m). 
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maximum time-averaged interfacial velocity decreased with increasing vertical distance below the 
impingement (Fig. 5-13A). The present results compared favourably with monophase jet literature 
(RAJARATNAM 1976, CHANSON 2014). Below the jet support (x-x1 > 0.25 m), the velocity 
profile was affected by the wake of jet support end, as seen in Figure 5-12 Right, for the last three 
cross-sections. 
The characteristic location y50 was found to increase with increasing longitudinal distance for a 
given experiment. The data are presented in Table 5-4 and Figure 5-13B. In the present study, the 
characteristic location y = y50 data were best correlated by: 
 50 1
1 1
y x x2.619 0.08645d d
    for 0 ≤ (x-x1)/d1 ≤ 38  (5.10) 
with a standard error equals to 0.446 and correlation coefficient equals to 0.886. Equation (5.10) is 
compared to the data in Figure 5-13B, and to air-water flows and monophase flow results in Table 
5-5. The present correlation (Eq. (5.10)) differed slightly from the finding of CHANSON (1997) 
and BRATTBERG and CHANSON (1998), albeit with the same slope. 
 
Table 5-4 - Characteristic location y = y50 in the developing shear layer of vertical plunging jets 
 
Impact 
velocity V1 
(ms) 
Vertical 
position 
x-x1 (m) 
y50 (m) Impact 
velocity 
V1 (ms) 
Vertical 
position 
x-x1 (m) 
y50 (m) 
2.49 0.02 0.028 3.80 0.02 0.037 
 0.05 0.031  0.05 0.034 
 0.10 0.041  0.10 0.045 
 0.16 0.039  0.16 0.051 
 0.24 0.045  0.24 0.061 
5.55 0.02 0.032 7.43 0.02 0.032 
 0.05 0.042  0.05 0.046 
 0.10 0.039  0.10 0.037 
 0.16 0.047  0.16 0.038 
 0.24 0.051  0.24 0.045 
 0.30 0.057  0.30 0.051 
 0.35 0.072  0.35 0.062 
    0.43 0.073 
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(A) Longitudinal distribution of maximum (free-stream) velocity in vertical supported plunging jets 
- Comparison between present data, hydraulic jump data (CHANSON and BRATTBERG 2000), 
monophase wall jets (RAJARATNAM 1976) and monophase two-dimensional jets (CHANSON 
2014) 
y50/d1
(x-
x 1)
/d 1
2.5 3 3.5 4 4.5 5 5.5 6
40
35
30
25
20
15
10
5
0
V1 = 2.49 m/sV1 = 3.80 m/sV1 = 5.55 m/sV1 = 7.43 m/s2.62+0.086.(x-x1)/d1
 
(B) Characteristic location y = y50 in the developing shear layer of vertical plunging jets as a 
function of the vertical distance below the impingement point 
Fig. 5-13 - Characteristics of developing shear layer at vertical supported plunging jets 
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Table 5-5 - Characteristic location y = y50 in the developing shear layer as a function of the vertical 
distance below the impingement point - Comparison between air-water and monophase flows 
 
Air-water flows Monophase flow 
Reference y50/d1 Reference y50/d1 
Present study 1
1
x x2.619 0.08645 d
   RAJARATNAM (1976) 1
1
x x1 0.041 d
   
CHANSON (1997) 1
1
x x1.819 0.1304 d
   CHANSON (1997) 1
1
x x1 0.033 d
   
BRATTBERG and 
CHANSON (1998) 1
1
x x1.4979 0.09386 d
     
 
A key characteristic of the developing shear layer is its rate of expansion which is proportional to 
1/K. Values of the coefficient K are presented in Table 5-6 and Figure 5-14, where they are 
compared to previous studies. The results suggested that K increased with increasing vertical 
distance below the impingement point or maximum time-averaged void fraction, independently of 
the impact velocity. The data were best fitted by: 
 1
1
x xK 1.340 0.284 d
     
 for 0 ≤ (x-x1)/d1 ≤ 35  (5.11) 
with a standard error equals to 0.804 and a normalised correlation coefficient equals to 0.959. 
 
Table 5-6 - Experimental results for the coefficient K in the developing shear layer 
 
Impact velocity 
V1 (m/s) 
Vertical position 
x-x1 (m) 
K Impact velocity 
V1 (m/s) 
Vertical position 
x-x1 (m) 
K 
2.49 0.02 2.0 3.80 0.02 2.0 
 0.05 2.2  0.05 3.0 
 0.10 3.5  0.10 3.0 
 0.16 7.0  0.16 5.0 
 0.24 9.0  0.24 6.0 
5.55 0.02 1.5 7.43 0.02 2.0 
 0.05 1.6  0.05 2.2 
 0.10 3.5  0.10 4.7 
 0.16 5.0  0.16 6.0 
 0.24 6.5  0.24 7.5 
 0.30 8.0  0.30 8.0 
 0.35 7.5  0.35 9.0 
    0.43 11.0 
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(A) Longitudinal distribution of the coefficient K below the impingement point - Comparison 
between air-water flow data (Present study, CUMMINGS 1996, BRATTBERG and CHANSON 
1998), monophase flow observations and Equation (5.11) 
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(B) Relationship between the coefficient K and the maximum time-averaged void fraction Cmax at a 
given cross-section - Comparison with Equation (5.12) 
Fig. 5-14 - Shear layer expansion rate coefficient K in the developing shear zone of vertical plungin 
jets 
 
The relationship between K and maximum void fraction Cmax showed that the expansion rate of the 
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shear layer increased with increasing void fraction, for a given jet velocity. The relationship was a 
nonlinear function, dependent of jet impact velocities (Fig. 5-14B). The present data were best 
correlated by: 
 10.3 exp(0.152 V )maxK 11 15.18 C      for V1 < 7.8 m/s and Cmax < 0.6  (5.12) 
with a standard error equals to 0.799 and a normalised correlation coefficient equals to 0.915. 
Equation (5.12) is compared to some data in Figure 5-14B. 
 
5.5.2 Auto-correlation time scale 
The auto-correlation time scale scale, defined by Equation (2.5), characterised a "lifetime" of the 
advective bubbly flow structures. Typical experimental results are presented in Figure 5-15. For a 
given cross-section, the data showed a U-shape, although the shape of the distributions tended to be 
more uniform with increasing longitudinal distance below the impingement point. A marked 
minimum in auto-correlation time scale Txx,min was observed at each cross-section. The minimum 
auto-correlation time scale decreased with increasing distance below the impingement point. In the 
vicinity of the impingement point, the auto-correlation time scales tended to increase with 
increasing jet impact velocity. 
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Fig. 5-15 - Dimensionless distributions of auto-correlation time scale in plunging jet flows (left: V1 
= 2.49 m/s, right: V1 = 7.43 m/s) 
 
The relationships between minimum auto-correlation time scale Txx,min and maximum void fraction 
Cmax and maximum bubble count rate Fmax are presented in Figure 5-16A and 5-16B respectively, 
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for several cross-sections and jet impact velocities. The minimum auto-correlation time scale Txx,min 
was linked to the maximum void fraction but seemed to be independent of maximum bubble count 
rate. The relationship between maximum void fraction and minimum auto-correlation time scale 
was best fitted by: 
 xx,min 1 1.931max
1
T V 13.11 Cd
    for 0 ≤ Cmax ≤ 0.6  (5.13) 
with a standard error equals to 0.290 and correlation coefficient of 0.959. Equation (5.13) is 
compared to the data in Figure 5-16A. Figure 5-17 shows the minimum auto-correlation time scale 
as a function of the longitudinal distance below the impingement point. The experimental data 
showed that the minimum auto-correlation time scale decreased with increasing distance at different 
decay rates for each jet impact velocity, and the data converged to Txx,minV1/d1  0.5 for (x-x1)/d1 > 
15-20 (Fig. 5-17A). For impact velocities between V1 = 2.49 m/s and 7.43 m/s, the relative 
transverse position of minimum auto-correlation time-scale tended to decrease with increasing 
vertical distance below the impingement point, albeit the data showed some scatter (Fig. 5-17B). 
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 (A, Left) Dimensionless minimum auto-correlation time scale Txx,minV1/d1 as a function of 
maximum time-averaged void fraction Cmax 
(B, Right) Dimensionless minimum auto-correlation time scale Txx,minV1/d1 as a function of 
maximum bubble count rate Fmaxd1/V1 
Fig. 5-16 - Dimensionless minimum auto-correlation time scale Txx,minV1/d1 in plunging jet flows 
 
90 
5.5.3 Turbulence intensity 
The turbulence intensity Tu was calculated based upon the cross-correlation data of phase-detection 
probe signals. Typical results are presented in Figures 5-18 and 5-19. For a given cross-section, the 
turbulence intensity profile exhibited a U-shape, which tended to become more uniform with 
increasing vertical distance below the impingement point (Fig. 5-18). Close to the impingement 
point, large turbulent intensity data were recorded and these might not be physically meaningful. 
Figure 5-19 shows the relationship between turbulence intensity and bubble count rate at given 
cross-sections. Most data showed a hysteresis process as sketched in Figure 5-20, which might be 
linked to the hysteresis process observed between bubble count rate and time-averaged void fraction 
(Figure 5-9). Note that a similar pattern was observed in hydraulic jumps (WANG 2014). However, 
an important number of data did not follow this pattern, especially close to the impingement point. 
As the impingement point was fluctuating, the phase-detection probe sensor could be outside water 
during few instants; further the transverse fluctuations in the impingement point might lead the 
sensor to be located alternately in the induction trumpet or in the impinging jet as shown by 
CHANSON and BRATTBERG (1998). Thus, the turbulence intensity calculation assumption of a 
random process of air-water interfacial detection was not valid (Appendix B). 
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 (A, Left) Dimensionless minimum auto-correlation time scale Txx,minV1/d1 as a function of relative 
longitudinal distance (x-x1)/d1 below the impingement point 
(B, Right) Relative horizontal position yTxx,min/d1 of minimum auto-correlation time scale Txx,min as 
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Fig. 5-17 - Minimum auto-correlation time scale and its location as functions of relative 
longitudinal distance below the impingement point 
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Fig. 5-18 - Distributions of turbulence intensity Tu in plunging jet flows (left: V1 = 2.49 m/s, right: 
V1 = 7.43 m/s) 
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Fig. 5-19 - Dimensionless relationship between turbulence intensity and bubble count rate in 
plunging jet flows (left: V1 = 2.49 m/s, right: V1 = 7.43 m/s) 
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Fig. 5-20 - Sketch of the relationship between turbulence intensity and bubble count rate at a given 
cross-section (x-x1 = constant) 
Stmax = Fmax.d1/V1
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(A, Left) Dimensionless relationship between local turbulence intensity Tu(y=yFmax) and maximum 
bubble count rate Stmax = Fmaxd1/V1  
(B, Right) Longitudinal distribution of local turbulence intensity Tu(y=yFmax) where the bubble 
count rate is maximum 
Fig. 5-21 - Characteristic turbulence intensity Tu(y=yFmax) where the bubble count rate is maximum 
in plunging jet flows 
 
The turbulence intensity data at the characteristic elevation y = YFmax of maximum bubble count 
rate Tu(y=YFmax) are presented in Figure 5-21 as functions of the maximum bubble count rate (Fig. 
5-21A) and longitudinal distance below the impingement point (Fig. 5-21B). Most turbulence 
intensity observations had a range of value within 1.2 < Tu < 3.2. Further the turbulence intensity 
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Tu(y=YFmax) decreased with increasing longitudinal distance below the impingement point, and the 
data tended to an asymptotic value: Tu(y=YFmax)  1-1.2. More the decay rate increased with 
increasing jet impact velocity. 
 
5.6 CLUSTERING ANALYSIS 
In the bubbly flow of the plunge pool, concentrations of air bubbles separated by short time 
intervals compared to other bubbly structures were detected, differing substantially from uniformly 
distributed or randomly distributed bubble populations. The presence of bubbles groups (i.e. bubble 
clusters) implied than the flow was not fully dispersed, and the advection of bubbles was not a 
random process (CHANSON 2007a). The analysis of particle clustering is relevant in many 
industrial applications to infer whether the formation frequency responds to particular 
hydrodynamics frequencies. The level of clustering may further give a quantitative measure of 
bubble-turbulence interactions and associated turbulent dissipation (GUALTIERI and CHANSON 
2007). Herein a clustering analysis was conducted based upon the signal of the leading phase-
detection probe sensor. A near-wake clustering criterion was applied following previous studies 
(CHANSON 2002b,2007b, CHANSON et al. 2006, GUALTIERI and CHANSON 2010, SUN and 
CHANSON 2013). With a near-wake criterion, a bubble cluster is defined when: 
    ch chw at t   (5.14) 
where (tch)w is the water chord time between two consecutive bubbles, (tch)a is the air chord time of 
the leading bubble and λ is a dimensionless near-wake coefficient. Following CHANSON (2002b) 
(6), the dimensionless near-wake coefficient was selected as λ = 1, and "two successive bubbles 
were defined as a cluster when the trailing bubble was separated from the lead particle by a water 
chord length smaller than one leading bubble chord" (CHANSON et al. 2006). 
Three basic clustering properties were investigated in the bubbly flow region (C < 0.3): namely the 
cluster count rate Fclu, the average number of bubbles per cluster Nclu and the proportion of bubbles 
in cluster Pclu. The cluster count rate is defined as the number of cluster per second. Typical 
experimental data are presented in Figure 5-22. For a given cross-section and jet velocity, the 
cluster count rate profiles showed a self-similar shape close to a Gaussian distribution, with a 
marked maximum (Fclu)max. The shape was close to that of bubble count rate profiles (Fig. 5-6, 
Section 5.3), albeit for smaller cluster count rates: Fclu < F. The maximum cluster count rate  
(Fclu)max decreased with increasing longitudinal distance below the impingement point for a given 
                                                 
6 Also CHANSON et al. (2006) in plunging jets, CHANSON (2007b) in dropshaft flows, GUALTIERI and 
CHANSON (2010), CHACHEREAU and CHANSON (2011) and WANG et al. (2015b) for hydraulic 
jumps, SUN and CHANSON (2013) and FELDER (2013) for stepped spillways. 
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inflow condition. However a significant increase in cluster count rate was observed with increasing 
jet impact velocity at a given longitudinal location. 
The relationship between maximum cluster count rate and local bubble count rate at that position (7) 
is presented in Figure 5-23. The data followed closely a power law: 
    clu max
1.198
1Fclu 1max
1 1
F(y y ) dF d 0.232V V
       
 (5.15) 
Equation (5.15) is compared to the experimental observations in Figure 5-23. This relationship (Eq. 
(5.15)) is similar to the relationship between dimensionless maximum cluster count rate and bubble 
count rate proposed for hydraulic jumps by WANG et al. (2015b). 
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Fig. 5-22 - Dimensionless distributions of bubble bluster count rate Flcud1/V1 in plunging jet flows 
(left: V1 = 2.49 m/s, right: V1 = 7.43 m/s) 
                                                 
7 Note that the maximum bubble count rate occurred sometimes at a location where the time-averaged void 
fraction C > 0.3. For these data points, the relationship between the maximum cluster count rate and 
maximum bubble count rate was not investigated. 
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Fig. 5-23 - Maximum cluster count rate (Fclu)max as a function of the local bubble count rate 
F(y=(Fclu)max) 
 
Typical data for the average number of bubbles per cluster and proportion of bubbles in clusters are 
presented in Figures 5-24 and 5-25 respectively. The average number of bubbles per cluster ranged 
from 2 to 4, although most observations were between 2.2 and 2.7. The average number of bubbles 
per cluster tended to increase with increasing jet impact velocity at a given cross-section. For the 
same jet impact velocity, the average number of bubbles per cluster decreased with increasing 
distance below the impingement point (Fig. 5-24). For longitudinal distances larger than x-x1 > 0.05 
m, the distributions of average number of bubbles per cluster followed a trend comparable to that of 
the void fraction profiles (Section 5.2, Figure 5.2), as observed by WANG (2014) in hydraulic 
jumps. Interestingly the same data trends were observed in terms of the proportion of bubbles in 
clusters (Fig. 5-25). 
Based upon their respective definitions, the average number of bubbles per cluster Nclu and 
proportion of bubbles in clusters Pclu must satisfy: 
 cluclu cluFP NF   (5.16) 
where F is the bubble count rate and Fclu is the cluster count rate. The ratio Pclu/Nclu is equal to the 
ratio of cluster count rate to bubble count rate. Large maximum cluster size and large proportion of 
bubble in clusters reflected a combination of high aeration level and intense turbulent structures in 
the shear flow (WANG 2014). The relationship between Pclu and Nclu is presented in Figure 5-26. 
Present experimental data were best correlated by: 
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 clu2.025 (N 2)cluP 0.762 (1 e )      for 2 ≤ Nclu ≤ 4  (5.17) 
with a standard error equals to 0.042 and correlation coefficient of 0.959. Note that Equation (5.17) 
differs slightly from the results of WANG (2014) for hydraulic jumps. 
 
y/d1
N c
lu
-2 0 2 4 6 8 10 12 14
2
2.5
3
3.5
4
x-x1 = 0.02 mx-x1 = 0.03 mx-x1 = 0.05 mx-x1 = 0.07 mx-x1 = 0.10 mx-x1 = 0.13 mx-x1 = 0.16 mx-x1 = 0.24 m
 y/d1
N c
lu
-2 0 2 4 6 8 10 12 14
2
2.5
3
3.5
4
x-x1 = 0.02 mx-x1 = 0.03 mx-x1 = 0.05 mx-x1 = 0.07 mx-x1 = 0.10 mx-x1 = 0.13 mx-x1 = 0.16 mx-x1 = 0.20 mx-x1 = 0.24 mx-x1 = 0.30 mx-x1 = 0.35 mx-x1 = 0.43 m
 
Fig. 5-24 - Dimensionless distributions of average number of bubbles per cluster in plunging jet 
flows (left: V1 = 2.49 m/s, right: V1 = 7.43 m/s) 
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Fig. 5-25 - Proportion of bubbles in clusters (%) in plunging jet flows (left: V1 = 2.49 m/s, right: V1 
= 3.80 m/s) 
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Fig. 5-26 - Proportion of bubbles in cluster (%) as a function of the average number of bubbles per 
cluster in plunging jet flows 
 
At each cross-section, the data showed a maximum average number of bubbles per cluster (Nclu)max 
and a maximum proportion of bubbles in clusters (Pclu)max in the shear layer. The data are presented 
in Figure 5-27 (8). Both (Nclu)max and (Pclu)max decreased with increasing longitudinal distance below 
the impingement point. For small jet impact velocities, (Nclu)max and (Pclu)max decayed more rapidly 
over a shorter distance downstream of the impingement point. The (Nclu)max decay rate followed an 
exponential trend, while the (Pclu)max decay rate followed a linear trend. 
Further details of the number of bubbles per cluster were provided in the form of probability density 
functions (PDFs) of number of bubbles per cluster. Figure 5-28 shows the probability distributions 
functions, at the characteristic location of maximum cluster count rate Y(Fclu)max, for several 
longitudinal distances below the impingement point. All experimental data showed a predominant 
probability for two bubbles per clusters, typically over 55 %, although clusters with more than 8 
bubbles were consistently detected. In most cases, this proportion of 2-bubble clusters increased 
with increasing longitudinal distance below the impingement point. This corresponded physically to 
a reduction of the average number of bubbles per cluster, as seen in Figure 5-24. Overall the shape 
of the PDFs of number of bubbles per cluster was independent of the jet impact velocity. 
 
                                                 
8 Experimental data with void fractions C < 0.05 were not considered due to the statistical non-
representativity of the very small numbers of clusters 
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(A, Left) Local maxima in average number of bubbles per cluster 
(B, Right) Local maxima in proportion of bubbles in clusters (%) 
Fig. 5-27 - Local maxima in average number of bubbles per cluster and proportion of bubbles in 
clusters (%) in plunging jet flows 
 
Nb
Pro
bab
ilit
y d
ens
ity
 fu
nct
ion
2 3 4 5 6 7 8
0
0.2
0.4
0.6
0.8
x-x1=0.05 mx-x1=0.10 mx-x1=0.16 m
Nb
Pro
bab
ilit
y d
ens
ity
 fu
nct
ion
2 3 4 5 6 7 8
0
0.2
0.4
0.6
0.8
1
x-x1=0.05 mx-x1=0.10 mx-x1=0.16 m
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(C) V1 = 5.55 m/s (D) V1 = 7.43 m/s 
Fig. 5-28 - Probability density functions of number of bubbles per cluster at the characteristic 
location of maximum bubble cluster count rate Y(Fclu)max 
 
5.7 AIR FLUX 
The air flux was calculated based upon the void fraction and velocity data presented in Sections 5.2 
and 5.5.2: 
 yair 0q C V dy
    (5.18) 
where C is the void fraction and V is the air-water interfacial velocity. The present air flux results 
are shown in Figure 5-29A, where the jet air flux data (x-x1 < 0, integrated from y = 0 to y = Y90) 
were added for completeness. First the pre-entrainment in the free-jet (x-x1 < 0) was substantial 
compared to the air flux in the plunge pool, between 0.23 and 0.47, even with partially-developed 
inflow conditions (Fig. 5-29A). Below the plunge point, the dimensionless air flux qair/qw in the 
plunge pool increased with increasing jet impact velocity as previously reported (ERVINE and 
AHMED 1982, SENE 1988, BRATTBERG and CHANSON 1998). Further qair/qw decreased with 
increasing vertical distance below the impingement point for a given jet velocity. This observation 
differed from the findings of BRATTBERG and CHANSON (1998) who reported no detrainment 
for (x-x1)/d1 < 17. Herein it was observed that the air-water interfacial velocity decreased with 
increasing longitudinal distance below the impingement point, thus facilitating the bubble 
detrainment. The present observations suggested a greater entrapment rate close to the impingement 
point, likely affected by the high pre-entrainment level in the jet, although all data sets were close 
for (x-x1)/d1 > 15 (Fig. 5-29B). 
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(A) Dimensionless distributions of air flux in the plunge pool (x-x1 > 0) and free-falling jet (x-x1 < 
0) as functions of the longitudinal distance below the impingement point 
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(B) Dimensionless air flux in the plunge pool at (x-x1)/d1 = 15 - Comparison between present data, 
previous data by CUMMINGS and CHANSON (1997b) and BRATTBERG and CHANSON 
(1998), and Equation (5.19) 
Fig. 5-29 - Dimensionless air flux at vertical planar supported plunging jets 
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The present air flux data are compared to the data of CUMMINGS and CHANSON (1997b) and 
BRATTBERG and CHANSON (1988) in Figure 5-29B, by comparing the dimensionless air 
entrainment rate at (x-x1)/d1 = 15 as a function of the inflow Reynolds number Re = wV1d1/w. 
The results showed comparable trends between all data sets, with an increasing air entrainment rate 
with increasing impact Reynolds number. Further all data showed a significant change in the rate of 
increase for V1  4 m/s. Several studies (VAN DE SANDE and SMITH 1973, SENE 1988, 
BRATTBERG and CHANSON 1998) observed the same trend which is believed to be linked to a 
change in air entrapment mechanism (BIN 1993, CHANSON 1997). 
The present data further compared favourably to the correlation of BRATTBERG and CHANSON 
(1998): 
 
1.8
4air 1 e1
w 1 1
q V Vx7.7 10 1.04q d g d
               
 for Ve < V1 < 4 m/s  (5.19A) 
 3air 1 e1
w 1 1
q V Vx2.0 10 1.04 9.3q d g d
                
 for 4 < V1 < 8 m/s  (5.19B) 
as seen in Figure 5-29B. 
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6. CONCLUSION 
New experiments were conducted to investigate the air bubble entrainment at supported planar 
plunging jet. Measurements were performed in a relatively large-size facility, based upon imaging 
and air-water flow measurements, with jet impact velocities between V1 = 0.90 m/s and 7.43 m/s 
within jet lengths x1 = 0.01 to 0.35 m, corresponding to partially-developed impingement flow 
conditions, with relatively large jet disturbance. 
The free-falling jet flow conditions were documented for nozzle velocities between Vo = 2.06 m/s 
and 7.30 m/s. A substantial interfacial aeration was observed immediately downstream of the 
nozzle. The broadening of the free-surface air-water layer was evidenced between the characteristic 
transverse positions y = Y10 and Y90 corresponding to void fractions of 0.10 and 0.90 respectively. 
The time-averaged void fraction did not always follow the theoretical diffusion solution of free-
surface aeration with a constant turbulent diffusivity. Velocity measurements showed that the free 
jet was partially-developed. Taking into account the air-water flow and assuming zero static 
pressure in the jet, the turbulence intensity was estimated: Tu 10%. 
Several impinging jet flow patterns were investigated using a Phantom ultra-high-speed video 
camera with a frame rate up to 10,000 fps with full HD resolution. The onset of air entrainment took 
place for an impact velocity Ve = 0.9 m/s to 1.1 m/s depending upon the free jet length. The data 
compared favourably with the literature in terms of the inception velocity Ve. At low impingement 
velocities from V1 = 0.9 m/s to 1.36 m/s, with V1 > Ve, four individual mechanisms of air bubble 
entrainment were observed: air bubble pre-entrainment in the free jet, breakup of an elongated air 
cavity, single bubble entrapment and bubble re-entrainment. While single bubbles constituted the 
majority of entrained air entities at onset of air entrainment, the formation and detachment of 
elongated air cavities became the predominant air entrainment mechanism for larger impact 
velocities. The bubble breakup process was investigated both qualitatively and quantitatively. Three 
different breakup mechanisms were observed: explosion, split and dejection. Several properties 
were documented such as the breakup count rate, the average size of breakup bubbles, number of 
daughters and position of breakup. The coalescence of bubbles was often observed for V1 = 1.12 
m/s and 1.26 m/s. Different mechanisms of coalescence were highlighted: rebound, kiss and go, true 
coalescence, and breakup due to coalescence. The coalescent bubbles were observed to be unstable 
and coalescence was often followed by a breakup mechanism.  
In the plunge pool, the air-water flow properties were measured with an intrusive phase-detection 
probe for impact velocities between V1 = 2.5 m/s and 7.4 m/s. The experiments showed an intense 
air-water mixing downstream of the impingement point. The development of air diffusion layer and 
turbulent shear layer was characterised by the streamwise evolution of void fraction, bubble count 
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rate, bubble chord length and interfacial velocity profiles. The void fraction, bubble count rate and 
interfacial velocity profile shapes were consistent with the literature. The air bubble diffusivity 
coefficient decreased with longitudinal distance, towards an asymptotic value. The turbulence 
intensity and auto-correlation time scale exhibited a U-shape transverse profile, which tended to be 
more uniform with increasing vertical distance below the impingement point. The minimal auto-
correlation time scale was observed to be linked to the maximum time-averaged void fraction. The 
relationship between turbulence intensity and bubble count rate exhibited a hysteresis pattern as 
observed in hydraulic jumps. The clustering properties were derived using the near-wake criterion 
and results were similar to those in hydraulic jumps. The cluster count rate was linked to the bubble 
count rate. Experimental data showed a predominant occurrence for two-bubble clusters, although 
clusters of 8 or more bubbles were consistently observed. 
The air-entrainment rate was derived from the void fraction and interfacial velocity profile 
measurements. The results compared favourably with the literature, albeit some difference was 
observed. It is believed that the pre-entrained air-flux was substantial herein, and affected the air 
entrapment process at impingement. 
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APPENDIX A - AIR BUBBLE DIFFUSION AT VERTICAL PLUNGING JETS 
AND HIGH-VELOCITY WATER JETS: A REVIEW 
A.1 PRESENTATION 
Considering a high-velocity water jet discharging into atmosphere towards a plunge pool, air 
bubble entrainment may take place along the water jet interfaces, while further air entrainment may 
occur at the impingement of the water jet with the plunge pool (Fig. A-1). The former process is a 
form of interfacial aeration, while the latter may be defined as singular air entrapment (WOOD 
1991, CHANSON 1997). In the air-water flow regions, the basic equation of air bubble diffusion 
may be developed and simple analytical solutions can be obtained for two-dimensional and circular 
water jets (CHANSON 1996, CUMMINGS and CHANSON 1997a). 
In a bubbly gas-liquid flow, the air bubble diffusion rate in the direction normal to the advection 
direction is proportional to the negative gradient of concentration. Herein the scalar quantity is the 
entrained air concentration, also called void fraction C. For a steady, one-dimensional flow motion, 
and considering a small control volume, the continuity equation yields: 
 )uCCgradD(div)VC(div rt   (A-1) 
where V  is the advection velocity vector, Dt is the air bubble turbulent advective diffusion 
coefficient and ru  is the bubble rise velocity vector that takes into account the effects of buoyancy. 
Equation (A-1) assumes implicitly a constant air density, neglecting compressibility effects, and it 
is valid for a steady flow situation. In Equation (A-1), the first term (C×V) is the advection air flux 
and the right handside term is the diffusion flux which combines the effects of transverse diffusion 
and buoyancy. Equation (A-1) may be solved analytically for a number of basic boundary 
conditions (WOOD 1984,1991, CHANSON 1988,1996,1997,2013, CHANSON and TOOMBES 
2002). 
 
A-2 
 
Fig. A-1 - Sketch of vertical plunging jets 
 
A.2 AIR BUBBLE DIFFUSION AT VERTICAL PLUNGING JETS 
Considering a vertical plunging jet, air may be entrained at impingement and carried downwards 
below the pool free surface, when the impact velocity V1 exceeds a critical velocity called onset 
velocity (McKEOGH and ERVINE 1981, WOOD 1991, CUMMINGS and CHANSON 1999). 
Neglecting the buoyancy effects, the continuity equation for air becomes: 
 tdiv(C V div(D gradC)   
   (A-2) 
since the bubble rise velocity may be neglected when it is small compared to the jet impact velocity 
V1. 
For a circular plunging jet, assuming an uniform velocity distribution, for a constant diffusion 
coefficient independent of the radial direction and longitudinal location, Equation (A-1) becomes a 
simple advective diffusion equation: 
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where x is the longitudinal direction, r is the radial distance from the jet centreline, V1 is the jet 
impact velocity and the diffusivity term Dt averages the effects of turbulent diffusion and of 
longitudinal velocity gradient. Equation (A-3) may be solved analytically (CHANSON 1997, 
CUMMINGS and CHANSON 1997a) and the solution is: 
A-3 
 C = 
1
1#w
air
r
xxD4
1
Q
Q

  × 

























1
1
1
#o
1
1
2
1
#
r
xx
r
r
D2
1I
r
xx
1r
r
D4
1exp  (A-4) 
where Qair is the entrained air flow rate, Qw is the water discharge, Io is the modified Bessel 
function of the first kind of order zero and D# = Dt/(V1×r1). 
For a two-dimensional planar jet, the continuity equation becomes a two-dimensional diffusion 
equation: 
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where y is the distance normal to the jet centreline (Fig. A-1). The solution is (CUMMINGS and 
CHANSON 1997a, CHANSON 2008): 
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where d1 is the jet thickness at impact, and D# is a dimensionless diffusivity : D# = Dt/(V1×d1). 
Both solutions (Eqs. (A-4) & (A-6)) are three-dimensional solutions valid in the developing bubbly 
region and in the fully-aerated flow region, that were successfully compared with experimental data 
(CUMMINGS and CHANSON 1997a, CHANSON 1997). 
 
A.3 AIR BUBBLE DIFFUSION AT WATER JETS DISCHARGING INTO AIR 
For a high-velocity water jet discharging into atmosphere, the pressure distribution is basically 
uniform in the jet and the buoyancy effect is zero in most cases. For a small control volume, the 
advective diffusion equation for air bubbles in a steady flow is Equation (A-2). 
Considering a circular water jet, the continuity equation for air becomes:  
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where Vo is the jet velocity. Assuming a constant diffusivity Dt independent of the radial location r, 
an analytical solution is (CHANSON 1996,1997): 
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where Jo is the Bessel function of the first kind of order zero, ai is the positive root of: Jo(Y90×ai) = 
0, and J1 is the Bessel function of the first kind of order one. Equation (A-8) is a three-dimensional 
solution of the advective diffusion equation that it is valid when the clear water core of the jet 
disappears and the jet becomes fully-aerated. It is valid close to as well as away from the jet nozzle. 
Considering a two-dimensional water jet, assuming an uniform velocity distribution, and for a 
constant diffusivity independent of the longitudinal and transverse location, Equation (A-2) 
becomes: 
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where Vo is the inflow velocity. The analytical solution is (CHANSON 2008): 
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where do is the jet thickness at nozzle, erf is the Gaussian error function, and the diffusivity Dt 
averages the effect of the turbulence on the transverse dispersion and of the longitudinal velocity 
gradient. Equation (A-10) is valid when the clear water core of the jet exists as well as the jet 
becomes fully-aerated. 
For a two-dimensional free-shear layer, the analytical solution becomes (CHANSON 1989): 
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where y = 0 at the flow singularity (i.e. nozzle edge) and y > 0 towards the atmosphere. 
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APPENDIX B - INTERFACIAL TURBULENCE INTENSITY IN AIR-WATER 
FLOWS (BY HUBERT CHANSON) 
The turbulence intensity is defined as the ratio of the velocity standard deviation to the time-
averaged velocity: Tu = v'/V. When the velocity is measured with a dual-tip phase-detection probe, 
the standard deviation of the interfacial velocity equals: 
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where vi is the instantaneous velocity data equal to x/ti, V is the time-averaged velocity (V = 
x/T), n is the total number of interfaces, ti is the instantaneous interface travel time between the 
two tips and T is the travel time for which the cross-correlation function is maximum (Fig. B-1). 
For an infinitely large number n of interfaces, an extension of the mean value theorem for definite 
integrals may be used as both 1/ti2 and (ti-T)2 are positive and continuous functions over the interval 
i = (1, n) (SPIEGEL 1974). This implies that there exists at least one characteristic travel time t' 
with t1  t'  tn such that: 
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where t is the standard deviation of the interface travel time. If the intrinsic noise of the probe 
signal is un-correlated to the turbulent velocity fluctuations with which the bubble interfaces are 
convected, the standard deviation of the cross-correlation function xy equals: 
 2t2xx2xy   (B-3) 
where xx is the standard deviation of the autocorrelation function (HARVEY 1993).  
The turbulent intensity Tu becomes thus: 
 'tV
'v 2xx2xy   (B-4) 
Assuming that t' ~ T, the turbulence intensity v'/V equals: 
 TV
'vTu
2
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2
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KIPPHAN (1977) developed a similar result for two-phase mixtures such as pneumatic conveying, 
while the above development is based upon CHANSON and TOOMBES (2002). 
Assuming that the successive detections of bubbles by the probe sensors is a true random process, 
the cross-correlation function follows a Gaussian distribution: 
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After simplification, the cross-correlation time scale becomes: 
 xx ' xx ' max xyT (R ) 2
    (B-7) 
Similarly, if the auto-correlation function follows a Gaussian distribution, the auto-correlation time 
scale becomes: 
 xxxx 2T 
  (B-8) 
Replacing Txx and Txy, the turbulent intensity Tu becomes: 
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 (B-9) 
with T, (Rxx')max, Txx' and Txx sketched in Figure B-1 (FELDER and CHANSON 2014). 
Equation (B-9) may be simplified assuming that the cross-correlation function is a Gaussian 
distribution and defining  the time scale such as Rxy(T+0.5)=Rxy(T)/2. Then the standard 
deviation of the cross-correlation function equals: xy = 0.5/1.175, and the standard deviation of the 
autocorrelation function equals: xx = T0.5/1.175 where T0.5 is the characteristic time for which the 
normalised auto-correlation function equals 0.5. After simplification, Equation (B-9) yields 
(CHANSON and TOOMBES 2002): 
 T
T851.0V
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Fig. B-1 - Definition sketch of correlation functions between phase-detection probe signals 
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APPENDIX C - PHOTOGRAPHIC OBSERVATIONS 
 
 
Fig. C-1 - General view of plunging jet experiment 
 
 
(A) V1 = 1.87 m/s, x1 = 0.100 m, sideview with computer monitor on the far left 
C-2 
 
(B) V1 = 1.87 m/s, x1 = 0.100 m 
Fig. C-2 - Phantom ultra high speed digital camera setup 
 
    
Fig. C-3 - Dual-tip phase-detection probe in position above water - Flow conditions: V1 = 2.49 m/s, 
x1 = 0.100 m - Inset: details of the probe tip 
C-3 
 
 
Fig. C-4 - Phase-detection probe measurements in the plunging jet flow- Flow conditions: V1 = 3.80 
m/s, x1 = 0.100 m 
 
   
(A) Prandtl-Pitot tube - Flow conditions: V1 = 3.80 m/s, x1 = 0.100 m - Inset: details of Prandtl-
Pitot tube 
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(B) Acoustic displacement meter sensors - Flow conditions: V1 = 5.55 m/s, xleading = 0.1 m 
Fig. C-5 - Free-jet measurements using Prandtl-Pitot tube and acoustic displacement meters 
 
 
Fig. C-6 - Total pressure measurements in the free jet - Flow conditions: V1 = 2.49 m/s, x1 = 0.1 m 
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(A) Water level fluctuations next to impingement point - Flow conditions: V1 = 4.24 m/s, x1 = 0.2 
m, shutter speed: 1/400 s 
  
(B, Left) Single bubble entrainment - Flow conditions: V1 = 1.18 m/s, x1 = 0.05 m, shutter speed: 
1/320 s 
(C, Right) Multiple bubble entrainment - Flow conditions: V1 = 1.18 m/s, x1 = 0.05 m, shutter 
speed: 1/640 s 
Fig. C-7 - Air bubble entrainment next to the impingement region of vertical supported plunging jet 
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Fig. C-8 - Air entrainment for V1 = 2.5 m/s, x1 = 0.100 m, shutter speed:1/125 s 
C-7 
  
  
Fig. C-9 - Air entrainment for V1 = 4.0 m/s, x1 = 0.100 m, shutter speed:1/125 s 
C-8 
 
 
Fig. C-10 - Air bubble diffusion in the shear layer for V1 = 4.24 m/s, x1 = 0.200 m 
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APPENDIX D - SENSITIVITY ANALYSES OF PHASE-DETECTION 
CONDUCTIVITY NEEDLE PROBE SYSTEM 
D.1 PRESENTATION 
The air-water flow properties were recorded using intrusive phase-detection probes. The principle is 
based upon needle probe tip piercing individual bubbles/droplets and the results might be affected 
by a number of key parameters including the sensor size, sampling duration and sampling 
frequency, as observed in hydraulic jumps (CHANSON 2007c) and stepped spillway flows 
(TOOMBES 2002, FELDER and CHANSON 2015). Herein a sensitivity analysis was conducted to 
investigate the optimum sampling duration and sampling frequency in a plunging jet flow in terms 
of a wide range of air-water flow properties. 
The double-tip phase-detection conductivity probe was equipped with two identical needle sensors, 
with different lengths (Fig. D-1). Each sensor had an inner electrode of diameter Ø = 0.25 mm and 
an outer electrode with internal diameter Ø = 0.5 mm (1). The longitudinal and transverse distances 
between the sensor tips were respectively Δx = 0.0065 m and Δz = 0.0020 m. The two sensors were 
aligned with flow direction and excited simultaneously by an electronic system (ref. UQ82.518) 
designed with a response time less than 10 µs. 
The supported free-falling jet had an angle of 89° with the horizontal to prevent flow detachment 
from the PVC support. The jet had a thickness of 0.012 m and width of 0.269 m at the nozzle. The 
receiving water tank was 2.5 m long, 1 m wide and 1.5 m deep. Two different impact velocities 
were tested (V1 = 2.49 and 3.80 m/s), with respectively a discharge of Qw = 6.80 and 12.1 l/s, 
measured with a flowmeter in the supply pipe, for the same jet length x1 = 0.1 m, between the 
nozzle and the impingement point. The air-water flow measurements were performed in the 
turbulent mixing region below the impinging point (x > x1). Phase-detection probe signals were 
collected at two vertical locations (x-x1 = 0.05 and 0.15 m) and three horizontal locations (y = 0.01, 
0.018 and 0.025 m), where x is the longitudinal coordinate parallel to the jet support and y is the 
horizontal distance perpendicular to the jet support (x = 0 at the nozzle and y = 0 at the jet support). 
The effects of sampling duration Tscan were tested for 1 ≤ Tscan ≤ 360 s with Fscan = 20 kHz and are 
presented in section D.2. The effects of the sampling rate Fscan were conducted for 1 ≤ Fscan ≤ 200 
kHz with Tscan = 45 s and are presented in section D.3. Following TOOMBES (2002) (see also 
FELDER and CHANSON, 2015), a 50% threshold between the air-water voltage peaks was 
selected. The following air-water flow properties were investigated: time-averaged void fraction C, 
                                                 
1 The inner electrode was made of silver (99.99% purity), with some 24 m PTFE insulation coating. The 
outer electrode was a stainless steel hypodermic needle (304 stainless steel, ID=0.5mm, OD=0.8 mm). 
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bubble count rate F, time-averaged air-water interfacial velocity V, turbulence intensity Tu, auto-
correlation time scale Txx, probability density function of bubble chord length, bubble clustering 
count rate Fclu, average number of bubbles per cluster, proportion of bubbles in clusters and 
probability density function of number of bubbles per cluster. The conclusion on the sampling 
duration and sampling rate adopted in the present study is given in section D.4. 
 
 
Fig. D-1 - Sketch of dual tip conductivity probe 
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D.2 EFFECTS OF SAMPLING RATE 
Following TOOMBES (2002), CHANSON (2007c) and FELDER and CHANSON (2015), the 
effects of sampling frequency on the air-water flow properties for a sampling duration of 45 s. 
Different experiments were completed with sampling frequencies between 1 and 200 kHz. 
 
D.2.1 Time-average void fraction and bubble count rate 
Some typical results for the time-averaged void fraction and bubble count rate as functions of the 
sampling rate are presented in Figures D-2 and D-3. The time-averaged void fraction remained 
almost unchanged for different sampling frequencies. However, the bubble count rate increased 
significantly with increasing sampling rate and was underestimated for Fscan < 10 kHz. These results 
are consistent with the findings of CHANSON (2007c) for hydraulic jump and FELDER and 
CHANSON (2015) for stepped spillways. 
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Fig. D-2 - Effects of sampling rate on the time-averaged void fraction (left: V1 = 2.49 m/s, x1 = 0.1 
m right: V1 = 3.80 m/s, x1 = 0.1 m) 
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Fig. D-3 - Effects of sampling rate on the bubble count rate (left: V1 = 2.49 m/s, x1 = 0.1 m; right: 
V1 = 3.80 m/s, x1 = 0.1 m) 
 
D.2.2 Time averaged air-water interfacial velocity, turbulence intensity and autocorrelation time 
scale 
The calculations of time-averaged interfacial velocity, turbulence intensity and auto-correlation 
time scale were based upon statistical correlation analyses of the raw voltage signals. A correlation 
analysis between the two tips signals provided the cross-correlation function and the maximum 
cross-correlation coefficient (Rxx’)max. The time averaged air-water interfacial velocity V was 
calculated as the ratio between the sensor separation Δx to the transit time T corresponding to the 
maximum cross-correlation coefficient (Rxx’)max. The turbulence intensity was derived from the 
broadening of the cross-correlation function compared to the auto-correlation function of the 
leading sensor signal. CHANSON and TOOMBES (2002) presented a dimensionless expression of 
turbulent velocity fluctuations as (see App. B): 
 
2 2
0.5 0.5τ  TTu 0.851 T
   (D-1) 
where Tu is the turbulence intensity defined as Tu = v’/V, v’ is the standard deviation of local 
instantaneous velocity, τ0.5 is the time scale for which the cross-correlation function is half of its 
maximum value such as: Rxx’(T+ τ0.5) = 0.5Rxx’(T) and T0.5 is the characteristic time for which the 
normalised auto-correlation function equals: Rxx(T0.5) = 0.5. Equation (D-1) assumes a random 
detection of an infinitely large number of air-water interfaces, and might not be accurate for low 
bubble count rates. 
The integration of the auto-correlation functions from the maximum correlation coefficient to the 
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first zero-crossing of the correlation curve yields the auto-correlation integral time scale Txx: 
   xxR τ 0xx xx0T R τ dτ   (D-2) 
The effects of sampling rate on the time-averaged air-water interfacial velocity, turbulence intensity 
and autocorrelation time scale are presented in Figures D-4 to D-6. For the time-averaged 
interfacial velocity, large scatters were visible for sampling rates Fscan < 20 kHz. For the turbulence 
intensity and the auto-correlation time scale large scatters were visible for sampling frequencies 
Fscan < 10 kHz. 
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Fig. D-4 - Effects of sampling rate on the time averaged air-water interfacial velocity (left: V1 = 
2.49 m/s, x1 = 0.1 m right: V1 = 3.80 m/s, x1 = 0.1m) 
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Fig. D-5 - Effects of sampling rate on the turbulence intensity (left: V1 = 2.49 m/s, x1 = 0.1 m right: 
V1 = 3.80 m/s, x1 = 0.1 m) 
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Fig. D-6 - Effects of sampling rate on the auto-correlation time scale (left: V1 = 2.49 m/s, x1 = 0.1 m 
right: V1 = 3.80 m/s, x1 = 0.1 m) 
 
D.2.3 Bubble clustering properties 
The signal output may provide further information on the streamwise structure of air-water flow 
including bubble clustering. A cluster is a group of two or more bubbles travelling together. To 
define a one-dimensional cluster in the longitudinal direction, the near-wake criterion was used as 
could be explain as two bubbles being considered in a cluster if the distance between them is 
smaller than the chord size of the leading bubble (CHANSON et al. 2006, GUALTIERI and 
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CHANSON 2010). 
The three main clustering properties, namely, the bubble clustering count rate, the average number 
of bubble per cluster and the proportion of bubbles in clusters were investigated as functions of the 
sampling rate. The results are presented in Figures D-7 to D-9. The bubble clustering count rate Fclu 
and the average number of bubbles per cluster increased significantly with increasing sampling rate 
and was underestimated for respectively Fscan < 5 and 10 kHz. The proportion of bubbles in clusters 
decreased significantly with increasing sampling rate and was typically overestimated for Fscan < 20 
kHz. 
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Fig. D-7 - Effects of sampling rate on the bubble clustering count rate (left: V1 = 2.49 m/s, x1 = 0.1 
m right: V1 = 3.80 m/s, x1 = 0.1 m) 
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Fig. D-8 - Effects of sampling rate on the proportion of bubbles in clusters (left: V1 = 2.49 m/s, x1 = 
0.1 m right: V1 = 3.80 m/s, x1=0.1 m) 
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Fig. D-9 - Effects of sampling rate on the average number of bubbles per cluster (left: V1 = 2.49 
m/s, x1 = 0.1 m right: V1 = 3.80 m/s, x1 = 0.1 m) 
 
D.2.4 Probability density function distributions of bubble chord lengths and number of bubbles in 
clusters 
Probability density functions of bubble chords were investigated for two different bubble 
populations. The first is the probability density function of bubble chord length with a bin size of 
0.5 mm. The percentage of bubbles with chord length larger than 20 mm are regrouped at the end of 
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the spectra. The results are presented in Figure D-10. The PDFs were slightly different for a 
sampling rate Fscan < 10 kHz. Thus a minimal sampling frequency of 10 kHz was required to 
provide accurate description of bubble chord length spectrum. The second is the probability density 
function of bubbles in clusters. The results are presented in Figures D-11 and D-12. The PDFs 
remained unchanged with the sampling rate. 
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Fig. D-10 - Effects of sampling rate on the probability density function of bubble chord length (top: 
V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.015 m, y = 0.025 m; middle: V1=3.80 m/s, x1=0.1 m, x-x1 = 0.05 
m, y = 0.018 m; bottom: V1 = 3.80 m/s,  x1 = 0.1 m, x-x1 = 0.15 m, y = 0.010 m) 
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Fig. D-11 - Effects of sampling rate on the probability density function of average number of 
bubbles in clusters (top: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; bottom: V1 = 2.49 
m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-12 - Effects of sampling rate on the probability density function of average number of 
bubbles in clusters (top: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; bottom: V1 = 3.80 
m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
 
D.2.5 Summary 
Overall, the present observations suggested optimum results for sampling rate of 20 kHz. A larger 
sampling rate would provide almost identical results, albeit the amount of recorded data will be 
larger. 
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D.3 EFFECTS OF SAMPLING DURATION 
As TOOMBES (2002), CHANSON and TOOMBES (2002) and FELDER and CHANSON (2015), 
the effects of sampling duration for a sampling rate of Fscan = 20 kHz are discussed in this section. 
Different experiments were conducted with sampling durations between 1 and 360 s. Moreover, 90 
s of the longest duration data sets were divided into segments of different lengths (1 , 2,…, 45 s) to 
increase the total sample size. 
 
D.3.1 Time-averaged void fraction and bubble count rate 
The variations of time-averaged void fraction and bubble count rate as functions of the sampling 
duration were investigated. The results are presented in Figures D-13 to D-16 where the dark-blue 
data sets are the independent experiments conducted between 1 s and 360 s and the cyan, green, 
orange, red, pink, blue and yellow data are sub-samples of the 90 s data set. For the two different 
air-water flow parameters large scatters of data were observed for sampling duration smaller than 
Tscan = 45 s. 
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Fig. D-13 - Effects of sampling duration on the time-averaged void fraction (left: V1 = 2.49 m/s, x1 
= 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-14 - Effects of sampling duration on the time-averaged void fraction (left: V1 = 3.80 m/s, x1 
= 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-15 - Effects of sampling duration on the bubble count rate (left: V1 = 2.49 m/s, x1 = 0.1 m, x-
x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-16 - Effects of sampling duration on thebubble count rate (left: V1 = 3.80 m/s, x1 = 0.1 m, x-
x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
 
D.3.2 Time-averaged air-water interfacial velocity, turbulence intensity and auto-correlation time 
scale  
The calculation of the time-averaged air-water interfacial velocity, turbulence intensity and 
autocorrelation time scale and is based upon statistical analyses of the raw voltage signal. These 
three parameters are defined in the last section. For sampling durations larger than 1 s, the 
correlation functions were calculated on parts of three second of the data sets. To gathered larger 
sampling duration, the average cross- and auto-correlation functions were calculated and the 
different parameters were derived from these functions. The results are presented in Figures D-17 to 
D-22 with the independent experiments from 1 s to 360 s in violet and the cyan, green, orange, red, 
pink, blue and yellow data are sub-samples of the 90 s data set. For the time averaged air-water 
interfacial velocity, large scatters of data were observed for sampling duration smaller than Tscan = 
45 s. For the turbulence intensity and auto-correlation time scale, large scatters of data were 
observed for sampling duration smaller than Tscan = 30 to 45 s.  
 
D-16 
Sampling duration (s)
Tim
e-a
ver
age
d a
ir-w
ate
r in
ter
fac
ial 
vel
oci
ty 
(m
/s)
0.5 1 2 3 4 5 7 10 20 30 50 100 200 400
0
0.4
0.8
1.2
1.6
2
2.4
2.8
3.2
3.6
4
 Sampling duration (s)
Tim
e-a
ver
age
d a
ir-w
ate
r in
ter
fac
ial 
vel
oci
ty 
(m
/s)
0.5 1 2 3 4 5 7 10 20 30 50 100 200 400
0
0.4
0.8
1.2
1.6
2
2.4
2.8
3.2
3.6
4
 
Fig. D-17 - Effects of sampling duration on the time averaged air-water interfacial velocity (left: V1 
= 2.49 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y 
= 0.018 m) as function of the sampling duration 
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Fig. D-18 - Effects of sampling duration on the time averaged air-water interfacial velocity (left: V1 
= 3.80 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y 
= 0.018 m) 
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Fig. D-19 - Effects of sampling duration on the turbulence intensity (left: V1 = 2.49 m/s, x1 = 0.1 m, 
x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-20 - Effects of sampling duration on the turbulence intensity (left: V1 = 3.80 m/s, x1 = 0.1 m, 
x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-21 - Effects of sampling duration on the auto-correlation time scale (left: V1 = 2.49 m/s, x1 = 
0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-22 - Effects of sampling duration on the auto-correlation time scale (left: V1 = 3.80 m/s, x1 = 
0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
 
D.3.3 Bubble clustering properties 
The bubble clustering properties were investigated based upon the near-wake criterion. The results 
are presented in Figures D-23 to D-28, in which, the magenta symbols correspond to the 
independent experiments conducted within a sampling duration between 1 s and 360 s, and the red, 
green and blue symbols are sub-samples of the 90 s data set. For the bubble clustering count rate, 
the average number of bubbles per cluster and the proportion of bubbles in clusters, the results 
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showed large data scatters for sampling duration smaller than Tscan = 20 s to 30 s. 
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Fig. D-23 - Effects of sampling duration on the bubble cluster count rate (left: V1 = 2.49 m/s, x1 = 
0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-24 - Effects of sampling duration on the bubble cluster count rate (left: V1 = 3.80 m/s, x1 = 
0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
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Fig. D-25 - Effects of sampling duration on the average number of bubbles per cluster (left: V1 = 
2.49 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 
0.018 m) 
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Fig. D-26- Effects of sampling duration on the average number of bubbles per cluster (left: V1 = 
3.80 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 
0.018 m) 
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Fig. D-27 - Effects of sampling duration on the proportion of bubbles in clusters (left: V1 = 2.49 
m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 
0.018 m) 
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Fig. D-28 - Effects of sampling duration on the proportion of bubbles in clusters (left: V1 = 3.80 
m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 
0.018 m) 
 
D.3.4 Probability density function distributions of bubble chord lengths and number of bubbles in 
clusters 
Two probability density function distributions (PDFs) were investigated: (1) for the bubbles chord 
length and (2) the average number of bubbles per cluster, using only the independent experiments 
between 1 s and 360 s. The results are presented in Figures D-29 to D-31. For the probability 
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density function distributions of bubble chord length, slightly different results were observed for a 
sampling duration smaller than Tscan = 20 s. The PDFs of average number of bubbles per cluster 
remained unchanged with the sampling duration between 1 s and 360 s. 
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D-23 
Fig. D-29 - Effects of sampling duration on the probability density function of bubble chord length 
(top: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.010 m; middle: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 
= 0.15 m, y = 0.018 m; bottom: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.025 m) - Entire 
sample 
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Fig. D-30 - Effects of sampling duration on the probability density function of bubbler per cluster 
(top: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 = 0.05 m, y = 0.018 m; bottom: V1 = 2.49 m/s, x1 = 0.1 m, x-x1 
= 0.15 m, y = 0.018 m) 
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Fig. D-31 - Probability density function of bubble per cluster (left: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 
0.05 m, y = 0.018 m; right: V1 = 3.80 m/s, x1 = 0.1 m, x-x1 = 0.15 m, y = 0.018 m) 
 
D.3.5 Summary 
Overall, the present observations suggested optimum results for sampling durations of 45 s for most 
parameters and 90 s for a few parameters. A larger sampling duration would provide almost 
identical results but the amount of recorded data will be larger.  
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D.4 SUMMARY AND CONCLUSION 
A sensitivity analysis was conducted for a range of air-water flow properties of a vertical plunging 
jet. The main results are summarised in Table D-1. To obtain accurate results with a reasonable 
amount of data, a sampling rate of Fscan = 20,000 Hz and a sampling duration of Tscan = 90 s should 
be used for futures experiments with the present facility and instrumentation. 
 
Table D-1 Summary of the sensitivity analysis results 
 
Parameters Minimum sampling rate 
required (Hz) for a 45 s 
sampling duration 
Minimum sampling 
duration required (s) for 
a sampling rate of 20 
kHz 
Time-averaged void fraction 1,000 45 
Bubble count rate 10,000 45 
Time-averaged air-water interfacial velocity 10,000 30-45 
Turbulence intensity 20,000 45-90 
Auto-correlation time scale 20,000 45-90 
Bubble cluster count rate 5,000 20-30 
Average bubble per cluster 10,000 20-30 
Proportion bubble in cluster 20,000 20-30 
PDF of bubble chord length 10,000 45 
PDF of number of bubbles per cluster 1,000 1-5 
 
E-1 
APPENDIX E - CHARACTERISTICS OF FREE-FALLING JETS 
E.1 PRESENTATION 
The characteristics of free-falling jets were investigated herein, as these constituted the inflow 
conditions of the plunging jet flows. In this section, the characteristics of the two-dimensional 
supported free-falling jet were investigated in terms of pre-aeration, flow velocity, free-surface 
fluctuation and total pressure. The supported free-falling jet had an angle of 89° with the horizontal 
to prevent detachment from the PVC support (Fig. E-1). The jet had a thickness of 0.012 m and 
width of 0.269 m at the nozzle. Four nozzle velocities (Vo = 2.06, 3.53, 5.37 and 7.30 m/s) were 
investigated at different vertical locations in the jet between x = 0.01 m and 0.1 m from the nozzle, 
corresponding to partially-developed inflow conditions, where x is the distance from the nozzle. 
The water temperature was around 24 Celsius during the experiments.  
 
 
Fig. E-1 Sketch of free-falling jet 
 
A double-tip phase-detection probe was used to record the air-water flow properties in the 
supported free-falling jet. The inner electrode diameter was Ø = 0.25 mm, and the distance between 
needle sensor tips was Δx = 0.0069 m. The clear-water jet velocity and thickness were recorded 
respectively using a Pitot tube and acoustic displacement meter (ADM) sensors. Further the total 
E-2 
pressure and pressures fluctuations in the jet flow were recorded using a micro-electro-mechanical-
system (MEMS) probe, called total pressure sensor. Detailed results are presented in sections E.2 to 
E.5. 
The data sets were characterised in terms of the water discharge Q, the nozzle velocity Vo and the 
jet thickness d1, at x = 0.1 m. The discharge was measured using a flowmeter installed along the 
supply pipeline and calibrated with a volume per time technique. The free-stream velocity V1 in the 
jet at the vertical position x1 = 0.100 m was determined based upon the air-water interfacial velocity 
experimental data and the water-phase velocity data of the Pitot tube with the following relation (1): 
     1 1 cond.probe Pitot maxmeanV (x 0.100) Average V ; V   (E.1) 
The clear-water jet thickness was calculated based upon the conductivity probe data: 
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where y is the horizontal distance from the PVC sheet, C is the void fraction measured with the 
conductivity probe and Y90 is the horizontal location of void fraction equal to 90% (Fig. E-1). The 
nozzle velocity was deduced from continuity: 
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A mass conservation check was performed between the discharge measured by the flowmeter and 
the discharge calculated with the free-stream velocity and jet thickness presented as above. The 
results showed relatively small differences between 2.16% and 7.43% as shown in Figure E-2 in 
terms of flow rate and in Table E-1 in terms of the free-stream velocity V1 in the jet at x1 = 0.100 m. 
 
Table E-1 - Errors between calculated and measured impact velocities at x1 = 0.1 m below the 
nozzle 
 
V1,Bernoulli,flowmeter (m/s) V1,max,Pitot (m/s) V1,mean,cond. Probe (m/s) Average difference (%) 
2.54 2.43 2.54 2.16 
4.00 3.83 3.73 5.55 
5.99 5.52 5.57 7.43 
7.97 7.44 7.41 6.84 
 
                                                 
1 This relation assumes no slip between air and water flows.  
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Fig. E-2 Discharge comparison between flowmeter data and local (Pitot tube, phase-detection 
probe) velocity data integrated across the equivalent clear water jet thickness 
 
E.2 PHASE-DETECTION PROBE EXPERIMENTAL DATA  
The phase-detection conductivity probe measurements were conducted at three vertical locations: x 
= 0.030, 0.065 and 0.100 m. The data were recorded at each horizontal cross-section every 1 to 2 
mm from the PVC sheet, the first point being at 3 mm from the PVC support. The phase-detection 
probe was located on the jet centreline, with the sensors facing upward. The sampling rate and 
sampling duration were respectively to be 20 kHz per channel and 90 s (Appendix D). A number of 
air-water flow parameters are presented for each flow condition, as summarised in Table E-2. The 
bubble clustering properties were derived based on the near-wake criterion (CHANSON et al. 2006) 
and were only analysed for C < 0.3 and C > 0.7. Note that the low aeration level might lead to 
unreliable turbulence intensity and auto-correlation time scale data. 
The probability density functions of bubble chord length are presented for each jet velocity for three 
specific positions (Y10, YFmax and Y90) at each vertical locations in Figures E-13 to E-16, where Y10 
is the distance from the PVC sheet with a void fraction equal to 10 %, YFmax is the horizontal 
position from the PVC sheet with the maximum bubble count rate and Y90 is the distance from the 
PVC sheet where the void fraction equals 90 %. 
It must be noted that a lot of turbulence intensity and auto-correlation time scale data were judged 
physically meaningless (e.g. turbulence intensity values larger than 5). They were highlighted in 
italic in the following experimental results. 
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Table E-2 - List of investigated air-water flows parameters 
 
x Vertical position (m) 
y Horizontal position (m) 
C Time-averaged void fraction (-) 
Fab Bubble count rate (Hz) 
V Time-averaged air-water interfacial velocity (m/s) 
Tu Interfacial turbulence intensity (-) 
Txx Auto-correlation time scale (s) 
Fclu Bubble clustering count rate (Hz) 
Nclu Average number of bubbles per cluster (-) 
Pclu Proportion of bubble in clusters (-) 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Nozzle velocity, Vo (m/s) 2.06 
Equivalent clear water depth, d1(x=0.1 m) (m) 0.0104 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.095 16.0 2.38 0.0300 5.20 3.01 2.93 55.2 
0.100 0.005 0.152 19.5 2.46 0.0297 4.46 4.01 3.12 64.0 
0.100 0.007 0.214 24.0 2.46 0.0320 4.97 5.04 2.88 60.6 
0.100 0.009 0.341 30.3 2.46 0.0296 3.52    
0.100 0.010 0.399 30.1 2.46 0.0331 3.78    
0.100 0.011 0.505 32.7 2.46 0.0317 3.28    
0.100 0.012 0.596 34.3 2.42 0.0319 3.72    
0.100 0.013 0.693 29.0 2.42 0.0327 2.97    
0.100 0.014 0.728 29.1 2.38 0.0330 2.37 6.07 2.98 62.2 
0.100 0.015 0.862 17.9 2.42 0.0338 1.22 3.52 2.73 53.8 
0.100 0.016 0.881 15.3 2.42 0.0389  2.94 2.94 56.6 
0.100 0.017 0.916 15.1 2.38 0.0335  2.70 2.84 51.0 
0.100 0.018 0.946 8.79 2.51 0.0366  1.62 2.64 48.7 
0.065 0.003 0.057 12.8 2.23 0.0264 4.18 2.20 3.19 54.7 
0.065 0.005 0.090 15.8 2.30 0.0275 4.92 3.26 2.84 58.6 
0.065 0.007 0.147 20.2 2.34 0.0275 4.58 4.34 2.93 63.0 
0.065 0.009 0.240 23.3 2.34 0.0302 4.13 5.24 2.76 62.0 
0.065 0.010 0.313 30.1 2.26 0.0266 3.16    
0.065 0.011 0.427 34.7 2.26 0.0297 3.52    
0.065 0.012 0.594 35.4 2.26 0.0278 2.13    
0.065 0.013 0.777 27.5 2.26 0.0328 2.36 5.71 2.89 60.1 
0.065 0.014 0.877 19.4 2.26 0.0340 1.03 3.82 2.79 55.0 
0.065 0.015 0.931 12.2 2.23 0.0358  2.18 2.65 47.1 
E-5 
0.030 0.003 0.003 1.58 2.00 0.0095 1.01 0.17 2.93 31.0 
0.030 0.005 0.007 3.03 2.12 0.0136 1.88 0.33 2.73 30.0 
0.030 0.007 0.014 4.00 2.12 0.0118 3.05 0.62 2.45 38.1 
0.030 0.009 0.060 12.2 2.16 0.0190 3.83 2.39 2.58 50.3 
0.030 0.010 0.170 24.9 2.16 0.0297 5.35 4.82 2.78 53.8 
0.030 0.011 0.335 48.3 2.06 0.0224 2.68    
0.030 0.012 0.706 45.7 2.06 0.0275 3.13 9.93 3.00 65.3 
0.030 0.013 0.937 15.8 2.12 0.0325 2.71 2.51 3.00 47.9 
0.030 0.014 0.996 1.49 2.16 0.0197 0.88 0.12 3.27 27.1 
 
Discharge, Qw (m3/s) 0.0121 
Nozzle velocity, Vo (m/s) 3.53 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.192 89.3 3.83 0.0341 11.1 16.9 4.01 75.7 
0.100 0.005 0.247 95.2 3.83 0.0348 11.9 17.9 4.02 75.5 
0.100 0.006 0.253 86.6 3.83 0.0353 11.6 16.8 3.75 72.6 
0.100 0.007 0.285 91.3 3.83 0.0353 11.6 17.5 3.84 73.7 
0.100 0.008 0.296 94.2 3.83 0.0306 7.76 17.9 3.73 71.1 
0.100 0.009 0.284 87.1 3.83 0.0321 8.48 16.2 3.67 68.4 
0.100 0.010 0.305 89.5 3.83 0.0321 8.96    
0.100 0.011 0.369 97.2 3.83 0.0300 6.98    
0.100 0.012 0.421 97.5 3.83 0.0300 6.22    
0.100 0.013 0.436 100.1 3.83 0.0245 4.01    
0.100 0.014 0.540 96.4 3.83 0.0255 4.22    
0.100 0.015 0.645 90.7 3.83 0.0279 5.15    
0.100 0.016 0.716 83.8 3.83 0.0244 4.15 17.3 2.98 61.4 
0.100 0.017 0.799 64.0 3.83 0.0293 6.43 12.6 2.95 58.4 
0.100 0.018 0.863 46.9 3.83 0.0313 8.20 9.03 3.00 57.8 
0.100 0.019 0.896 41.3 3.83 0.0295 6.36 7.99 2.84 54.9 
0.100 0.020 0.921 32.3 3.83 0.0281 6.28 6.10 2.84 53.7 
0.100 0.022 0.949 28.7 3.83 0.0281 5.57 4.96 2.74 47.3 
0.065 0.003 0.066 43.2 3.73 0.0264 6.37 8.06 3.36 62.7 
0.065 0.005 0.112 54.3 3.73 0.0328 10.8 10.1 3.60 66.7 
0.065 0.007 0.171 62.7 3.73 0.0326 11.0 12.1 3.66 70.7 
0.065 0.009 0.220 67.4 3.63 0.0318 10.0 13.5 3.22 64.6 
0.065 0.010 0.218 67.3 3.73 0.0294 8.14 13.7 3.09 63.0 
0.065 0.011 0.305 84.1 3.73 0.0297 8.02    
0.065 0.012 0.409 101.5 3.73 0.0244 4.14    
0.065 0.013 0.563 106.6 3.73 0.0239 4.19    
0.065 0.014 0.714 84.5 3.73 0.0281 6.41 17.6 3.12 65.0 
0.065 0.015 0.848 55.8 3.73 0.0279 7.03 11.2 2.98 59.9 
0.065 0.016 0.920 34.7 3.83 0.0257 7.02 6.87 2.86 56.5 
0.065 0.018 0.984 10.1 3.83 0.0162 2.91 1.61 2.59 41.5 
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0.030 0.003 0.002 2.44 3.83 0.0282 1.28 0.36 2.47 35.9 
0.030 0.005 0.009 8.86 3.73 0.0110 2.54 1.66 3.11 58.2 
0.030 0.007 0.025 12.7 3.63 0.0151 5.00 2.18 2.90 49.9 
0.030 0.009 0.065 35.4 3.63 0.0239 9.60 7.04 2.91 57.9 
0.030 0.010 0.065 35.4 3.63 0.0239 9.60 7.04 2.91 57.9 
0.030 0.011 0.206 113 3.63 0.0226 6.32 22.2 2.79 54.7 
0.030 0.012 0.542 182 3.63 0.0216 4.62    
0.030 0.013 0.907 62.2 3.73 0.0224 6.62 12.2 2.87 56.3 
0.030 0.014 0.982 11.6 3.83 0.0177 4.35 2.03 2.83 49.8 
  
Discharge, Qw (m3/s) 0.0188 
Nozzle velocity, Vo (m/s) 5.37 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.082 95.1 5.52 0.0201 5.57 18.9 3.30 65.6 
0.100 0.005 0.165 141 5.52 0.0271 9.65 27.4 3.69 71.7 
0.100 0.006 0.168 134 5.52 0.0230 7.55 25.9 3.62 69.8 
0.100 0.007 0.222 161 5.52 0.0268 9.64 31.0 3.67 70.5 
0.100 0.008 0.225 156 5.52 0.0244 8.52 30.3 3.53 68.7 
0.100 0.009 0.216 148 5.52 0.0208 6.10 29.9 3.27 66.1 
0.100 0.010 0.263 162 5.52 0.0238 6.83 32.5 3.36 67.3 
0.100 0.011 0.287 163 5.52 0.0205 4.97 33.6 3.18 65.6 
0.100 0.012 0.312 178 5.52 0.0137 3.66    
0.100 0.013 0.387 190 5.52 0.0134 3.77    
0.100 0.014 0.466 199 5.52 0.0140 3.35    
0.100 0.015 0.583 182 5.52 0.0137 3.53    
0.100 0.016 0.663 160 5.52 0.0156 4.10    
0.100 0.017 0.771 127 5.52 0.0160 3.69 26.5 2.96 61.6 
0.100 0.018 0.852 96.1 5.52 0.0166 4.23 19.9 2.83 58.7 
0.065 0.003 0.031 47.7 5.75 0.0152 3.11 9.6 2.97 60.1 
0.065 0.005 0.075 71.8 5.52 0.0236 9.06 14.2 3.44 67.8 
0.065 0.007 0.087 84.8 5.52 0.0206 8.16 17.2 3.28 66.6 
0.065 0.009 0.121 103 5.52 0.0197 8.33 20.4 3.06 60.3 
0.065 0.010 0.154 112 5.31 0.0226 9.03 23.0 3.00 61.7 
0.065 0.011 0.195 132 5.31 0.0217 7.56 27.7 2.90 60.8 
0.065 0.012 0.306 171 5.31 0.0199 6.40    
0.065 0.013 0.425 212 5.31 0.0115 3.39    
0.065 0.014 0.639 197 5.31 0.0139 3.60    
0.065 0.015 0.795 136 5.31 0.0162 4.31 28.6 2.92 61.2 
0.065 0.016 0.923 61.9 5.52 0.0182 5.50 12.6 2.72 55.4 
0.065 0.017 0.960 38.1 5.52 0.0124 4.42 7.63 2.59 52.0 
0.030 0.003 0.001 1.24 5.75 0.0350 2.58 0.21 2.47 42.0 
0.030 0.005 0.022 11.9 5.75 0.0261 18.5 2.32 3.08 60.0 
0.030 0.007 0.017 20.4 5.52 0.0141 10.2 3.98 2.81 54.9 
0.030 0.009 0.033 37.3 5.31 0.0156 8.25 7.09 2.96 56.2 
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0.030 0.010 0.045 56.0 5.11 0.0165 8.43 10.7 2.78 52.9 
0.030 0.011 0.065 87.9 5.11 0.0110 5.45 15.8 2.66 47.6 
0.030 0.012 0.354 343 5.31 0.0091 3.30    
0.030 0.013 0.830 210 5.31 0.0149 5.33 42.5 2.82 57.0 
0.030 0.014 0.970 38.4 5.31 0.0119 5.22 7.08 2.61 48.1 
 
Discharge, Qw (m3/s) 0.0283 
Nozzle velocity, Vo (m/s) 7.30 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.103 197 7.67 0.0179 6.76 40.7 3.34 69 
0.100 0.005 0.151 241 7.67 0.0172 6.46 49.0 3.52 71.6 
0.100 0.006 0.184 264 7.67 0.0208 8.44 51.8 3.65 71.8 
0.100 0.007 0.182 258 7.26 0.0165 5.77 52.5 3.43 69.7 
0.100 0.008 0.240 293 7.26 0.0199 7.21 59.8 3.48 71.1 
0.100 0.009 0.251 302 7.26 0.0170 6.22 62.2 3.41 70.2 
0.100 0.010 0.254 298 7.26 0.0164 5.22 62.3 3.26 68.1 
0.100 0.011 0.293 312 7.26 0.0153 4.25 66.4 3.18 67.8 
0.100 0.012 0.321 321 7.26 0.0125 3.86    
0.100 0.013 0.401 330 7.26 0.0111 3.39    
0.100 0.014 0.466 337 7.67 0.0110 3.31    
0.100 0.015 0.568 329 7.26 0.0097 2.76    
0.100 0.016 0.685 271 7.26 0.0126 3.52    
0.100 0.017 0.757 228 7.67 0.0163 4.63 49.6 2.94 64.1 
0.100 0.018 0.848 162 7.67 0.0162 4.77 33.1 2.86 58.7 
0.100 0.019 0.893 125 7.67 0.0174 5.11 25.6 2.80 57.3 
0.100 0.020 0.928 93.3 7.67 0.0141 4.49 18.4 2.75 54.3 
0.100 0.022 0.971 42.6 7.26 0.0137 5.57 8.21 2.66 51.3 
0.065 0.003 0.038 79.7 7.67 0.0162 6.83 17.3 2.98 64.7 
0.065 0.005 0.073 139 7.67 0.0216 11.7 27.8 3.5 70.3 
0.065 0.007 0.102 170 7.26 0.0187 8.07 34.8 3.33 68.1 
0.065 0.009 0.128 193 7.26 0.0172 7.90 39.9 3.08 63.6 
0.065 0.010 0.177 234 7.26 0.0172 7.66 47.4 3.11 62.9 
0.065 0.011 0.215 255 7.26 0.0151 6.75 52.5 3.02 62.1 
0.065 0.012 0.307 333 7.26 0.0102 4.23    
0.065 0.013 0.457 378 7.26 0.0092 3.21    
0.065 0.014 0.671 316 7.26 0.0129 4.07    
0.065 0.015 0.812 213 7.26 0.0163 5.10 44.2 2.91 60.5 
0.065 0.016 0.923 101 7.67 0.0156 7.90 19.6 2.78 53.8 
0.065 0.018 0.977 33.4 7.26 0.0110 5.90 6.33 2.72 51.7 
0.030 0.003 0.010 6.04 7.26 0.0681 11.5 1.24 3.17 65.3 
0.030 0.005 0.011 16.8 7.67 0.0236 6.77 3.40 3.08 62.1 
0.030 0.007 0.019 31.6 7.26 0.0265 11.0 6.34 2.91 58.4 
0.030 0.009 0.022 56.4 7.26 0.0145 7.16 10.7 2.84 53.7 
0.030 0.010 0.052 110 6.90 0.0177 10.5 21.3 2.89 55.8 
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0.030 0.011 0.119 227 6.90 0.0135 7.19 43.9 2.75 53.1 
0.030 0.012 0.351 535 6.90 0.0085 3.52    
0.030 0.013 0.909 200 7.26 0.0122 6.52 36.1 2.68 48.5 
0.030 0.014 0.974 49.0 7.26 0.0111 7.97 8.90 2.69 48.8 
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Fig. E-3 - Time-averaged void fraction (left: Vo = 2.06 m/s; right: Vo = 3.53 m/s) as function of the 
horizontal position 
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Fig. E-4 - Time-averaged void fraction (left: Vo = 5.37 m/s; right: Vo = 7.30 m/s) as function of the 
horizontal position 
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Fig. E-5 - Dimensionless bubble count rate (left: Vo = 2.06 m/s; right: Vo = 3.53 m/s) as function of 
horizontal the position 
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Fig. E-6 - Dimensionless bubble count rate (left: Vo = 5.37 m/s; right: Vo = 7.30 m/s) as function of 
the horizontal position 
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Fig. E-7 - Relationship between time-averaged void fraction and bubble count rate (left: V0 = 2.06 
m/s; right: V0 = 3.53 m/s) 
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Fig. E-8 - Relationship between time-averaged void fraction and bubble count rate (left: Vo = 5.37 
m/s; right: Vo = 7.30 m/s) 
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Fig. E-9 - Probability density function of the bubble chord length – Vo = 2.06 m/s. top: x = 0.03 m; 
middle x = 0.065 m; bottom x = 0.100 m 
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Fig. E-10 - Probability density function of the bubble chord length – Vo = 3.53 m/s. top: x = 0.03 m; 
middle x = 0.065 m; bottom x = 0.100 m 
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Fig. E-11 - Probability density function of the bubble chord length – Vo = 5.37 m/s. top: x = 0.03 m; 
middle x = 0.065 m; bottom x = 0.100 m 
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Fig. E-12 - Probability density function of the bubble chord length – Vo = 7.30 m/s. top: x = 0.03 m; 
middle x = 0.065 m; bottom x = 0.100 m 
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E.3  PITOT TUBE EXPERIMENTAL DATA  
The Pitot tube measurements were conducted at three different vertical elevations: x = 0.030, 0.065 
and 0.100 m, as for the phase-detection probe experiments (section E-2). The Pitot tube data were 
influenced adversely by the presence of air bubbles in the jet (2). when the time-averaged void 
fraction was larger than 10 to 20 %. The time-averaged clear-water velocity results are summarised 
herein. Figures E-17 to E-22 compare the time-averaged velocity from Pitot tube, time-averaged 
interfacial velocity (phase-detection probe), time-averaged void fraction and bubble count rate data. 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Nozzle velocity, Vo (m/s) 2.06 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0104 
x 
(m) 
y 
(m) 
VPitot  
(m/s) 
x 
(m) 
y 
(m) 
VPitot 
(m/s) 
x 
(m) 
y 
(m) 
VPitot 
(m/s) 
0.100 0.0015 2.46 0.065 0.0016 2.40 0.030 0.0017 2.28 
0.100 0.0020 2.54 0.065 0.0021 2.40 0.030 0.0022 2.29 
0.100 0.0025 2.54 0.065 0.0026 2.39 0.030 0.0027 2.30 
0.100 0.0030 2.53 0.065 0.0031 2.40 0.030 0.0032 2.30 
0.100 0.0035 2.52 0.065 0.0036 2.40 0.030 0.0037 2.29 
0.100 0.0040 2.51 0.065 0.0041 2.38 0.030 0.0042 2.31 
0.100 0.0050 2.45 0.065 0.0051 2.37 0.030 0.0052 2.31 
0.100 0.0060 2.38 0.065 0.0061 2.35 0.030 0.0062 2.30 
0.100 0.0070 2.37 0.065 0.0071 2.32 0.030 0.0072 2.28 
0.100 0.0080 2.36 0.065 0.0081 2.28 0.030 0.0082 2.26 
0.100 0.0090 2.21 0.065 0.0091 2.12 0.030 0.0092 2.19 
0.100 0.0100 2.15 0.065 0.0101 2.00 0.030 0.0102 1.99 
0.100 0.0110 2.10 0.065 0.0111 1.71 0.030 0.0112 1.50 
0.100 0.0120 1.99 0.065 0.0121 1.33    
0.100 0.0130 1.85       
 
 
Discharge, Qw (m3/s) (Flowmeter) 0.0121 
Nozzle velocity, Vo (m/s) 3.53 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0115 
x 
(m) 
y 
(m) 
vpitot 
 (m/s) 
x 
(m) 
y 
(m) 
vpitot 
 (m/s) 
x 
(m) 
y 
(m) vpitot (m/s) 
0.100 0.0015 3.70 0.065 0.0016 3.67 0.030 0.0017 3.67 
0.100 0.0020 3.73 0.065 0.0021 3.77 0.030 0.0022 3.76 
0.100 0.0025 3.70 0.065 0.0026 3.79 0.030 0.0027 3.77 
0.100 0.0030 3.61 0.065 0.0031 3.85 0.030 0.0032 3.71 
0.100 0.0035 3.61 0.065 0.0036 3.76 0.030 0.0037 3.77 
0.100 0.0040 3.61 0.065 0.0041 3.79 0.030 0.0042 3.78 
0.100 0.0050 3.61 0.065 0.0051 3.85 0.030 0.0052 3.76 
0.100 0.0060 3.54 0.065 0.0061 3.70 0.030 0.0062 3.77 
0.100 0.0070 3.54 0.065 0.0071 3.80 0.030 0.0072 3.78 
0.100 0.0090 3.45 0.065 0.0091 3.75 0.030 0.0092 3.77 
0.100 0.0100 3.37 0.065 0.0101 3.67 0.030 0.0102 3.72 
                                                 
2 The Pitot tube was purged regularly to ensure that no bubble was trapped in the manometer tubes. 
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0.100 0.0110 3.24 0.065 0.0111 3.58 0.030 0.0112 3.62 
      0.065 0.0121 3.41 0.030 0.0122 3.35 
      0.065 0.0131 3.24 0.030 0.0132 2.63 
      0.065 0.0141 2.82 0.030 0.0142 1.47 
      0.065 0.0151 2.32    
      0.065 0.0161 1.81    
      0.065 0.0181 1.47    
 
Discharge, Qw (m3/s) (Flowmeter) 0.0188 
Nozzle velocity, Vo (m/s) 5.37 
Equivalent clear water depth, d1(x = 0.1 m) (m)  0.0127 
x 
(m) 
y 
 (m) 
vpitot 
(m/s) 
x 
 (m) 
y 
 (m) 
vpitot  
(m/s) 
x 
 (m) 
y 
 (m) 
vpitot 
(m/s) 
0.100 0.0015 5.36 0.065 0.0016 5.41 0.030 0.0017 5.44 
0.100 0.0020 5.49 0.065 0.0021 5.42 0.030 0.0022 5.46 
0.100 0.0025 5.54 0.065 0.0026 5.53 0.030 0.0027 5.46 
0.100 0.0030 5.57 0.065 0.0031 5.55 0.030 0.0032 5.52 
0.100 0.0035 5.48 0.065 0.0036 5.56 0.030 0.0037 5.52 
0.100 0.0040 5.49 0.065 0.0041 5.52 0.030 0.0042 5.59 
0.100 0.0050 5.31 0.065 0.0051 5.51 0.030 0.0052 5.54 
0.100 0.0060 5.34 0.065 0.0061 5.49 0.030 0.0062 5.56 
0.100 0.0070 5.24 0.065 0.0071 5.48 0.030 0.0072 5.58 
0.100 0.0080 5.21 0.065 0.0081 5.47 0.030 0.0082 5.62 
0.100 0.0090 5.16 0.065 0.0091 5.44 0.030 0.0092 5.62 
0.100 0.0100 5.15 0.065 0.0101 5.35 0.030 0.0102 5.62 
0.100 0.0110 4.99 0.065 0.0111 5.27 0.030 0.0112 5.58 
0.100 0.0120 4.95 0.065 0.0121 5.12 0.030 0.0122 5.24 
0.100 0.0130 4.79 0.065 0.0131 4.73 0.030 0.0132 4.18 
0.100 0.014 4.71             
 
Discharge, Qw (m3/s) (Flowmeter) 0.0283 
Nozzle velocity, Vo (m/s) 7.30 
Equivalent clear water depth, d1(x = 0.1 m) (m)  0.0127 
x  
(m) 
y 
 (m) 
vpitot 
(m/s) 
x 
 (m) 
y  
(m) 
vpitot  
(m/s) 
x 
 (m) 
y 
 (m) 
vpitot 
 (m/s) 
0.100 0.0015 7.14 0.065 0.0016 7.34 0.030 0.0017 7.27 
0.100 0.0020 7.37 0.065 0.0021 7.41 0.030 0.0022 7.31 
0.100 0.0025 7.41 0.065 0.0026 7.42 0.030 0.0027 7.30 
0.100 0.0030 7.41 0.065 0.0031 7.41 0.030 0.0032 7.36 
0.100 0.0035 7.41 0.065 0.0036 7.42 0.030 0.0037 7.41 
0.100 0.0040 7.41 0.065 0.0041 7.38 0.030 0.0042 7.43 
0.100 0.0050 7.33 0.065 0.0051 7.31 0.030 0.0052 7.43 
0.100 0.0060 7.27 0.065 0.0061 7.33 0.030 0.0062 7.43 
0.100 0.0070 7.04 0.065 0.0071 7.34 0.030 0.0072 7.54 
0.100 0.0080 6.99 0.065 0.0081 7.08 0.030 0.0082 7.57 
0.100 0.0090 6.97 0.065 0.0091 7.12 0.030 0.0092 7.55 
0.100 0.0100 6.79 0.065 0.0101 7.03 0.030 0.0102 7.47 
0.100 0.0110 6.61 0.065 0.0111 6.93 0.030 0.0112 7.31 
     0.065 0.0121 6.74 0.030 0.0122 6.92 
      0.065 0.0131 6.31       
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Fig. E-13 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe – Vo = 
2.06 m/s left: x = 0.100 m; right: x = 0.065 m – as function of the horizontal position 
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Fig. E-14 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe – left: 
Vo = 2.06 m/s x = 0.030 m; right: V0 = 3.53 m/s x = 0.100 m – as function of the horizontal position 
 
E-18 
y/d0
V
/V
0
C
, F
ab
/1
00
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 0
0.2 0.3
0.4 0.6
0.6 0.9
0.8 1.2
1 1.5
1.2 1.8
1.4 2.1
1.6 2.4
1.8 2.7
2 3
V0 = 3.53 (m/s) x = 0.065 (m)
Air-water velocity - Pitot tube
Air-water velocity - Conductivity probe
Time-averaged void fraction
Bubble count rate
y/d0
V
/V
0
C
, F
ab
/1
00
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 0
0.2 0.3
0.4 0.6
0.6 0.9
0.8 1.2
1 1.5
1.2 1.8
1.4 2.1
1.6 2.4
1.8 2.7
2 3
V0 = 3.53 (m/s) x = 0.03 (m)
Air-water velocity - Pitot tube
Air-water velocity - Conductivity probe
Time-averaged void fraction
Bubble count rate
 
Fig. E-15 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe – Vo = 
3.53 m/s, left: x = 0.065 m; right: x = 0.030 m – as function of the horizontal position 
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Fig. E-16 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe – Vo = 
5.37 m/s, left: x = 0.100 m; right: x = 0.065 m – as function of the horizontal position 
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Fig. E-17 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe –left: 
Vo = 5.37 m/s x = 0.030 m; right: Vo = 7.30 m/s x = 0.100 m – as function of the horizontal position 
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Fig. E-18 - Time-averaged air-water interfacial velocity – Pitot tube and conductivity probe – Vo = 
7.30 m/s, left: x = 0.065 m; right: x = 0.030 m – as function of the horizontal position 
 
E.4 ACOUSTIC DISPLACEMENT METER EXPERIMENTAL DATA  
Free-surface measurements were conducted with two acoustic displacement meters (ADMs) 
installed on the jet centreline, with the leading sensor between x = 0.01 and 0.1 m and trailing 
sensor between x = 0.06 and 0.15 m. The sampling rate and sampling duration were respectively 50 
Hz and 180 s at each position. Erroneous spikes in the signal were removed: the width between the 
upper and lower thresholds was determined by the minimum between ten times standard deviation 
and two volts. 
The ADM sensors were calibrated beforehand. The distance between the sensor and the jet surface 
E-20 
was calculated using the following relations: 
 Leading sensor: lead.y (mm) 27.85 32.13U(V)   (E.4) 
 Trailing sensor: trail.y (mm) 29.73 31.89U(V)   (E.5) 
where U is the output signal in Volts. The time-averaged distance between the jet surface and the 
sensor ( iy ) and the standard deviation (σst,i) were recorded as functions of the vertical position. The 
jet thicknesses (di,ADM) were calculated using iy and the sensor position. 
In Figures E-19 to E-22, the time-averaged void fraction positions Y10, Y50 and Y90 and YFmax were 
also presented for comparison. These positions were derived from the phase-detection probe time-
averaged void fraction and bubble count rate distributions (Section E.2). In addition the equivalent 
clear-water jet thickness d was included. 
A theoretical jet thickness was derived from Bernoulli and continuity equations, using the phase-
detection probe and Pitot tube velocity data, respectively presented in Sections E.2 and E.3, 
following: 
- The velocity at the nozzle was estimated as: 
      2max cond.probe Pitot omaxmeanV Average V ; V V 2xg    (E.6) 
- Continuity equation implies:  
 0 0Q V d B Q(x)   (E.7) 
- The theoretical jet thickness was estimated using the conservation of discharge: 
 th
Q(x)d (x)
B(x)V(x)
  (E.8) 
 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Nozzle velocity, Vo (m/s) 2.06 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0104 
x 
 (m) 
lead.y  
(mm) σst,lead. (mm) 
dlead.,ADM  
(m) 
x  
(m) trail.y  (mm) 
σst,trail.  
(mm) 
dtrail.,ADM 
(m) 
0.010 39.6 2.97 0.0128 0.0600 41.7 5.343 0.0117 
0.020 39.9 3.01 0.0124 0.0700 42.0 5.828 0.0115 
0.030 40.3 3.28 0.0120 0.0800 42.4 6.282 0.0110 
0.050 40.1 4.54 0.0122 0.0100 42.6 7.034 0.0109 
0.065 40.3 5.60 0.0121 0.0115 42.8 7.848 0.0107 
0.080 41.9 6.59 0.0104 0.0130 44.2 8.501 0.0093 
0.100 42.2 7.45 0.0102 0.1500 44.4 8.941 0.0090 
 
Discharge, Qw (m3/s) (Flowmeter) 0.0121 
Nozzle velocity, Vo (m/s) 3.53 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0115 
x lead.y  σst,lead. dlead.,AD x trail.y  σst,trail. dtrail.,ADM 
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(m) (mm) (mm) M (m) (m) (mm) (mm) (m) 
0.010 39.3 2.45 0.0117 0.010 40.1 5.53 0.0131 
0.020 38.8 2.76 0.0123 0.020 39.8 5.95 0.0134 
0.030 38.5 3.25 0.0125 0.030 39.9 7.06 0.0134 
0.050 37.9 4.86 0.0132 0.050 39.9 7.79 0.0133 
0.065 38.1 5.79 0.0129 0.065 39.8 8.30 0.0134 
0.080 37.6 6.72 0.0135 0.080 40.4 9.40 0.0129 
0.100 38.0 7.79 0.0130 0.100 41.0 9.72 0.0123 
 
Discharge, Qw (m3/s) (Flowmeter) 0.0188 
Nozzle velocity, Vo (m/s) 5.37 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
x 
 (m) 
lead.y  
(mm) 
σst,lead. 
(mm) 
dlead.,AD
M (m) 
x 
 (m) 
trail.y  
(mm) 
σst,trail. 
(mm) 
dtrail.,ADM 
 (m) 
0.010 101 3.98 0.0104 0.010 98.4 2.37 0.0136 
0.020 101 3.25 0.0105 0.020 98.4 2.81 0.0136 
0.030 99.5 1.53 0.0115 0.030 97.1 5.09 0.0149 
0.050 99.9 4.00 0.0110 0.050 97.8 3.62 0.0142 
0.065 97.6 2.81 0.0133 0.065 96.2 6.64 0.0158 
0.080 98.9 4.16 0.0120 0.080 94.7 5.44 0.0173 
0.100 95.3 4.25 0.0156 0.100 93.5 6.78 0.0185 
 
Discharge, Qw (m3/s) (Flowmeter) 0.0283 
Nozzle velocity, Vo (m/s) 7.30 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
x 
 (m) 
lead.y  
(mm) 
σst,lead. 
(mm) 
dlead.,ADM 
(m) 
x 
 (m) 
trail.y  
(mm) 
σst,trail. 
(mm) 
dtrail.,ADM 
 (m) 
0.010 101 5.96 0.0107 0.010 98.1 2.30 0.0135 
0.020 101 2.91 0.0108 0.020 98.3 2.97 0.0133 
0.030 100 1.60 0.0111 0.030 98.1 5.58 0.0135 
0.050 99.4 2.42 0.0120 0.050 97.3 4.63 0.0143 
0.065 97.7 2.51 0.0138 0.065 96.2 10.8 0.0154 
0.080 96.5 3.19 0.0150 0.080 94.5 10.7 0.0172 
0.100 96.1 4.22 0.0154 0.100 94.4 6.27 0.0172 
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Fig. E-19 - Supported free-falling jet thickness – ADM sensor – Vo = 2.06 m/s 
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Fig. E-20 - Supported free-falling jet thickness – ADM sensor – Vo = 3.53 m/s 
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Fig. E-21 - Supported free-falling jet thickness – ADM sensor – Vo = 5.37 m/s 
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Fig. E-22 - Supported free-falling jet thickness – ADM sensor – Vo = 7.30 m/s 
 
E.5 TOTAL PRESSURE SENSOR EXPERIMENTAL DATA 
The time-averaged total pressure and instantaneous total pressure fluctuations were recorded with a 
micro-electro-mechanical-system (MEMS) system (model MRV21, by MeasureX), called total 
pressure sensor (WANG et al. 2014,2015b, ZHANG and CHANSON 2016). The total pressure 
sensor consisted of a silicon diaphragm which was not affected by the presence of air bubbles, 
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albeit it could be affected by minimal static and thermal errors. The sensor had a 5 mm outer 
diameter with a 1 mm diameter sensor. The model provided a measurement range of absolute 
pressure between 0 and 1.5 bars with a precision of 0.5 %. Following ZHANG and CHANSON 
(2016), a sampling frequency of 2 kHz was selected to minimise information loss. The sampling 
duration was 180 s. A linear relationship between the voltage output and the relative to atmospheric 
pressure was obtained. 
The total pressure was calculated from the average value of the data sets. The pressure fluctuations 
were derived of two different methods: (a) from the standard deviation of the data sets pt,std and (b) 
from the difference between the third and first quartiles divided by 1.3, denoted pt75-25 (3). 
The total pressure and pressure fluctuations data may be related to the time-averaged velocity and 
velocity fluctuations by: 
 2 2t w s
1P (1 C) (V v ' ) P
2
      (E.9) 
 2 2t w s
1p (1 C) (V v ' ) p
2
      (E.10) 
where C is the time-averaged void fraction, ρw is the water density, V is the time-averaged velocity, 
v’2 is the velocity fluctuation, Ps is the static pressure and ps is the fluctuations of static pressure. In 
turn, ZHANG et al. (2016) derived relationships between the turbulence intensity and the total 
pressure, and turbulence intensity and pressure fluctuations as: 
  tP 2
w
PTu 1
0.5(1 C) V
    (E.11) 
 
2
t
2 4
w
pt
p (1 C)C
V 4Tu C(1 C)(1 )
2

 
 (E.12) 
with V being the time-averaged velocity. 
 
                                                 
3 For a Gaussian distribution of the pressure data sets, the difference between the third and first quartiles 
equals 1.3 times the standard deviation. 
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Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Nozzle velocity, Vo (m/s) 2.06 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0104 
x (m) y (m) P (Pa) pt,std (Pa) pt,75-25 (Pa) 
TuP 
(1) 
Tupt,std 
(2) 
Tupt,75-25 
(3) 
0.100 0.004 3.04E+03 6.35E+02 4.27E+02 0.29     
0.100 0.005 2.91E+03 9.65E+02 4.61E+02 0.33    
0.100 0.007 2.73E+03 1.23E+03 5.77E+02 0.34    
0.100 0.009 2.56E+03 1.35E+03 8.04E+02 0.50    
0.100 0.010 2.52E+03 1.38E+03 9.06E+02 0.60    
0.100 0.011 2.29E+03 1.50E+03 1.86E+03 0.70  0.21 
0.100 0.012 2.16E+03 1.53E+03 2.25E+03 0.85 0.04 0.37 
0.100 0.013 1.88E+03 1.59E+03 2.46E+03 0.99 0.18 0.50 
0.100 0.014 1.57E+03 1.59E+03 2.37E+03 0.93 0.21 0.51 
0.100 0.015 1.27E+03 1.57E+03 2.22E+03 1.40 0.42 0.70 
0.100 0.016 9.32E+02 1.47E+03 1.77E+03 1.24 0.42 0.57 
0.100 0.017 6.39E+02 1.31E+03 6.60E+02 1.20 0.45   
0.100 0.018 4.21E+02 1.13E+03 6.32E+01 1.24 0.51   
0.065 0.004 2.80E+03 4.18E+02 3.40E+02 0.30     
0.065 0.005 2.77E+03 5.54E+02 3.50E+02 0.34    
0.065 0.007 2.68E+03 7.52E+02 3.84E+02 0.39    
0.065 0.009 2.56E+03 9.03E+02 4.29E+02 0.48    
0.065 0.010 2.44E+03 1.02E+03 5.09E+02 0.55    
0.065 0.011 2.31E+03 1.13E+03 6.80E+02 0.69    
0.065 0.012 2.05E+03 1.24E+03 1.27E+03 0.92    
0.065 0.013 1.73E+03 1.31E+03 2.02E+03 1.36 0.22 0.55 
0.065 0.014 1.22E+03 1.32E+03 1.95E+03 1.62 0.42 0.75 
0.065 0.015 7.89E+02 1.23E+03 1.43E+03 1.78 0.58 0.72 
0.030 0.004 2.37E+03 3.20E+02 2.85E+02   0.05 0.05 
0.030 0.005 2.58E+03 3.60E+02 3.07E+02  0.05 0.04 
0.030 0.007 2.55E+03 3.87E+02 2.97E+02  0.04   
0.030 0.009 2.51E+03 4.37E+02 3.04E+02 0.13    
0.030 0.010 2.46E+03 4.86E+02 3.17E+02 0.36    
0.030 0.011 2.36E+03 5.94E+02 3.52E+02 0.59    
0.030 0.012 2.15E+03 7.36E+02 4.77E+02 1.34    
0.030 0.013 1.61E+03 9.26E+02 9.83E+02 2.96 0.42 0.47 
0.030 0.014 6.92E+02 8.78E+02 1.07E+03 8.15 2.15 2.62 
 
Notes: (1): Tup was calculated using Equation (E.11); (2): Tupt,std was calculated using Equation 
(E.12) in which pt was the standard deviation of the total pressure signal; (3): Tupt,75-25 was 
calculated using Equation (E.12) in which pt was the difference between the third and first total 
pressure quartiles divided by 1.3. 
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Discharge, Qw (m3/s) (Flowmeter) 0.0121 
Nozzle velocity, Vo (m/s) 3.53 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0115 
x (m) y (m) P (Pa) pt,std (Pa) pt,75-25 (Pa) TuP Tupt,std Tupt,75-25 
0.100 0.004 7.10E+03 1.78E+03 1.19E+03 0.48   
0.100 0.005 6.83E+03 2.31E+03 1.27E+03 0.52   
0.100 0.006 6.63E+03 2.58E+03 1.41E+03 0.49   
0.100 0.007 6.31E+03 2.93E+03 1.84E+03 0.48   
0.100 0.008 6.21E+03 3.05E+03 2.15E+03 0.48   
0.100 0.009 5.97E+03 3.23E+03 2.84E+03 0.41 0.00  
0.100 0.010 5.67E+03 3.39E+03 3.87E+03 0.38 0.06 0.16 
0.100 0.011 5.65E+03 3.40E+03 3.94E+03 0.50  0.15 
0.100 0.012 5.44E+03 3.49E+03 4.61E+03 0.56  0.25 
0.100 0.013 5.10E+03 3.60E+03 5.29E+03 0.51 0.05 0.33 
0.100 0.014 5.02E+03 3.60E+03 5.40E+03 0.72 0.04 0.37 
0.100 0.015 4.83E+03 3.64E+03 5.53E+03 0.95 0.13 0.44 
0.100 0.016 4.21E+03 3.73E+03 5.57E+03 1.04 0.21 0.51 
0.100 0.017 3.86E+03 3.72E+03 5.43E+03 1.30 0.31 0.61 
0.100 0.018 3.29E+03 3.65E+03 5.13E+03 1.54 0.43 0.71 
0.100 0.019 2.71E+03 3.50E+03 4.47E+03 1.62 0.49 0.70 
0.100 0.020 2.21E+03 3.30E+03 3.46E+03 1.71 0.55 0.59 
0.100 0.022 1.25E+03 2.65E+03 3.26E+02 1.55 0.54  
0.065 0.004 7.17E+03 1.09E+03 8.44E+02 0.26   
0.065 0.005 7.10E+03 1.40E+03 8.52E+02 0.33   
0.065 0.007 6.81E+03 2.00E+03 9.82E+02 0.38   
0.065 0.009 6.45E+03 2.41E+03 1.20E+03 0.39   
0.065 0.010 6.33E+03 2.50E+03 1.25E+03 0.35   
0.065 0.011 6.11E+03 2.70E+03 1.54E+03 0.47   
0.065 0.012 5.83E+03 2.86E+03 2.01E+03 0.61   
0.065 0.013 5.33E+03 3.07E+03 3.39E+03 0.83   
0.065 0.014 4.89E+03 3.18E+03 4.54E+03 1.17  0.35 
0.065 0.015 4.06E+03 3.29E+03 5.08E+03 1.65 0.30 0.65 
0.065 0.016 3.11E+03 3.24E+03 4.66E+03 2.10 0.53 0.86 
0.065 0.018 1.44E+03 2.53E+03 1.26E+03 3.38 1.06 0.39 
0.030 0.004 7.03E+03 7.81E+02 6.78E+02 0.09 0.05 0.04 
0.030 0.005 7.07E+03 7.79E+02 6.64E+02 0.14 0.03 0.01 
0.030 0.007 7.05E+03 8.63E+02 6.93E+02 0.18   
0.030 0.009 6.95E+03 1.05E+03 7.02E+02 0.25   
0.030 0.010 6.85E+03 1.19E+03 7.19E+02 0.22   
0.030 0.011 6.61E+03 1.50E+03 8.07E+02 0.44   
0.030 0.012 6.23E+03 1.79E+03 1.00E+03 0.97   
0.030 0.013 5.21E+03 2.32E+03 1.87E+03 2.65 0.22  
0.030  0.014  3.42E+03 2.46E+03 3.55E+03 5.11 0.99 1.49 
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Discharge, Qw (m3/s) (Flowmeter) 0.0188 
Nozzle velocity, Vo (m/s) 5.37 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
x (m) y (m) P (Pa) pt,std (Pa) pt,75-25 (Pa) TuP Tupt,std Tupt,75-25 
0.100 0.004 1.56E+04 3.25E+03 2.00E+03 0.32     
0.100 0.005 1.53E+04 4.05E+03 1.93E+03 0.44    
0.100 0.006 1.44E+04 5.27E+03 2.49E+03 0.36    
0.100 0.007 1.41E+04 5.61E+03 2.77E+03 0.43    
0.100 0.008 1.44E+04 5.36E+03 2.34E+03 0.46    
0.100 0.009 1.35E+04 6.22E+03 3.73E+03 0.35    
0.100 0.010 1.36E+04 6.10E+03 3.51E+03 0.45    
0.100 0.011 1.37E+04 6.05E+03 3.28E+03 0.50    
0.100 0.012 1.32E+04 6.41E+03 4.61E+03 0.49    
0.100 0.013 1.31E+04 6.43E+03 4.69E+03 0.62    
0.100 0.014 1.24E+04 6.74E+03 6.51E+03 0.72   
0.100 0.015 1.16E+04 7.02E+03 8.68E+03 0.90   
0.100 0.016 9.94E+03 7.45E+03 1.15E+04 0.96 0.08 0.43 
0.100 0.017 8.46E+03 7.50E+03 1.15E+04 1.18 0.22 0.55 
0.100 0.018 6.71E+03 7.39E+03 1.07E+04 1.40 0.35 0.65 
0.065 0.004 1.59E+04 2.32E+03 1.47E+03 0.30   
0.065 0.005 1.59E+04 2.57E+03 1.44E+03 0.37   
0.065 0.007 1.56E+04 3.35E+03 1.44E+03 0.36   
0.065 0.009 1.49E+04 4.44E+03 1.73E+03 0.35   
0.065 0.010 1.49E+04 4.43E+03 1.72E+03 0.41   
0.065 0.011 1.42E+04 5.19E+03 2.19E+03 0.40   
0.065 0.012 1.42E+04 5.00E+03 2.14E+03 0.60   
0.065 0.013 1.37E+04 5.25E+03 2.70E+03 0.76   
0.065 0.014 1.22E+04 6.02E+03 5.00E+03 1.11   
0.065 0.015 9.98E+03 6.63E+03 9.60E+03 1.49 0.16 0.46 
0.065 0.016 7.12E+03 6.61E+03 9.95E+03 2.27 0.52 0.90 
0.065 0.017 4.12E+03 5.88E+03 6.27E+03 2.39 0.68 0.75 
0.030 0.004 1.60E+04 1.64E+03 1.29E+03 0.24 0.05 0.04 
0.030 0.005 1.62E+04 1.51E+03 1.26E+03 0.30   
0.030 0.007 1.61E+04 1.46E+03 1.25E+03 0.29   
0.030 0.009 1.60E+04 1.69E+03 1.26E+03 0.31   
0.030 0.010 1.59E+04 1.75E+03 1.24E+03 0.32   
0.030 0.011 1.55E+04 2.55E+03 1.36E+03 0.31   
0.030 0.012 1.50E+04 3.11E+03 1.54E+03 0.73   
0.030 0.013 1.39E+04 3.56E+03 2.08E+03 2.09   
0.030 0.014 1.01E+04 4.74E+03 4.69E+03 4.57 0.62 0.61 
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Discharge, Qw (m3/s) (Flowmeter) 0.0283 
Nozzle velocity, Vo (m/s) 7.30 
Equivalent clear water depth, d1(x = 0.1 m) (m) 0.0127 
x (m) y (m) P (Pa) pt,std (Pa) pt,75-25 (Pa) TuP Tupt,std Tupt,75-25 
0.100 0.004 2.71E+04 4.41E+03 3.02E+03 0.31     
0.100 0.005 2.68E+04 6.65E+03 3.20E+03 0.38    
0.100 0.006 2.66E+04 6.61E+03 3.00E+03 0.42    
0.100 0.007 2.61E+04 7.33E+03 3.23E+03 0.39    
0.100 0.008 2.57E+04 8.02E+03 3.57E+03 0.48    
0.100 0.009 2.53E+04 8.71E+03 4.07E+03 0.47    
0.100 0.010 2.45E+04 9.19E+03 4.63E+03 0.43    
0.100 0.011 2.41E+04 9.37E+03 5.05E+03 0.49    
0.100 0.012 2.40E+04 9.52E+03 5.48E+03 0.53    
0.100 0.013 2.33E+04 1.00E+04 6.87E+03 0.64    
0.100 0.014 2.21E+04 1.08E+04 9.47E+03 0.70    
0.100 0.015 2.01E+04 1.13E+04 1.32E+04 0.83    
0.100 0.016 1.74E+04 1.21E+04 1.83E+04 1.00  0.36 
0.100 0.017 1.47E+04 1.24E+04 1.93E+04 1.09 0.11 0.48 
0.100 0.018 1.00E+04 1.17E+04 1.60E+04 1.18 0.24 0.49 
0.100 0.019 7.20E+03 1.07E+04 1.05E+04 1.20 0.30 0.28 
0.100 0.020 4.91E+03 9.24E+03 3.49E+03 1.21 0.33   
0.100 0.022 1.98E+03 6.27E+03 1.29E+02 1.21 0.37   
0.065 0.004 2.80E+04 2.99E+03 2.32E+03 0.26     
0.065 0.005 2.79E+04 3.60E+03 2.28E+03 0.32    
0.065 0.007 2.73E+04 5.08E+03 2.23E+03 0.34    
0.065 0.009 2.71E+04 5.55E+03 2.45E+03 0.37    
0.065 0.010 2.65E+04 6.17E+03 2.52E+03 0.42    
0.065 0.011 2.61E+04 6.89E+03 2.85E+03 0.47    
0.065 0.012 2.55E+04 7.43E+03 3.24E+03 0.59    
0.065 0.013 2.45E+04 8.34E+03 4.36E+03 0.80    
0.065 0.014 2.20E+04 9.56E+03 7.19E+03 1.20    
0.065 0.015 1.78E+04 1.08E+04 1.43E+04 1.56 0.06 0.34 
0.065 0.016 1.16E+04 1.10E+04 1.61E+04 2.13 0.45 0.79 
0.065 0.018 3.06E+03 6.86E+03 1.19E+03 1.96 0.54   
0.030 0.004 2.82E+04 2.48E+03 2.00E+03 0.22     
0.030 0.005 2.83E+04 2.74E+03 1.85E+03 0.22    
0.030 0.007 2.85E+04 1.99E+03 1.88E+03 0.26    
0.030 0.009 2.83E+04 2.28E+03 1.93E+03 0.25    
0.030 0.010 2.81E+04 2.74E+03 1.96E+03 0.30    
0.030 0.011 2.78E+04 3.26E+03 2.04E+03 0.40    
0.030 0.012 2.71E+04 3.91E+03 2.20E+03 0.73    
0.030 0.013 2.44E+04 5.72E+03 3.27E+03 2.98    
0.030 0.014 1.71E+04 7.94E+03 7.88E+03 4.86 0.63 0.62 
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Fig. E-23 - Total pressure and pressure fluctuations - Vo = 2.06 m/s left: x = 0.100 m; right: x = 
0.065 m – as function of the horizontal position 
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Fig. E-24 - Total pressure and pressure fluctuations – left: Vo = 2.06 m/s x = 0.030 m; right: V0 = 
3.53 m/s x = 0.100 m – as function of the horizontal position 
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Fig. E-25 - Total pressure and pressure fluctuations – Vo = 3.53 m/s left: x = 0.065 m; right: x = 
0.030 m – as function of the horizontal position 
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Fig. E-26 - Total pressure and pressure fluctuations - Vo = 5.37 m/s left: x = 0.100 m; right: x = 
0.065 m – as function of the horizontal position 
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Fig. E-27 - Total pressure and pressure fluctuations – left: Vo = 5.37 m/s x = 0.030 m; right: V0 = 
7.30 m/s x = 0.100 m – as function of the horizontal position 
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Fig. E-28 - Turbulence intensity – Vo = 7.30 m/s left: x = 0.065 m; right: x = 0.030 m – as function 
of the horizontal position 
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Fig. E-29 - Turbulence intensity - Vo = 2.06 m/s left: x = 0.100 m; right: x = 0.065 m – as function 
of the horizontal position 
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Fig. E-30 - Turbulence intensity – left: Vo = 2.06 m/s x = 0.030 m; right: V0 = 3.53 m/s x = 0.100 m 
– as function of the horizontal position 
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Fig. E-31 - Turbulence intensity – Vo = 3.53 m/s left: x = 0.065 m; right: x = 0.030 m – as function 
of the horizontal position 
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Fig. E-32 - Turbulence intensity - Vo = 5.37 m/s left: x = 0.100 m; right: x = 0.065 m – as function 
of the horizontal position 
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Fig. E-33 - Turbulence intensity – left: Vo = 5.37 m/s x = 0.030 m; right: V0 = 7.30 m/s x = 0.100 m 
– as function of the horizontal position 
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Fig. E-34 - Turbulence intensity – Vo = 7.30 m/s left: x = 0.065 m; right: x = 0.030 m – as function 
of the horizontal position 
 
F-1 
APPENDIX F - AIR BUBBLE ENTRAINMENT IN VERTICAL PLUNGING 
JETS 
F.1 PRESENTATION 
A water jet plunging into a pool of still water may cause some air entrainment if the jet impact 
velocity exceds the onset velocity (Fig. F-1). The air-water flow properties beneath the impinging 
point of the two-dimensional supported free-falling plunging jet were investigated herein and the 
results are summarised. The data sets were collected at the University of Queensland. The 
supported free-falling jet had an angle of 89° with the horizontal, a thickness of 0.012 m and width 
of 0.269 m at the nozzle. Four different impact velocities (V1 = 2.49, 3.80, 5.55 and 7.43 m/s) were 
investigated with the same jet length (x1 = 0.100 m). The inflow conditions corresponded to 
partially-developed inflow conditions at the impinging point. The water temperature was around 24 
degrees during the experiments. 
 
 
Fig. F-1 - Sketch of air entrainment in the pool of plunge water 
 
The air-water flow measurements were conducted with a double-tip phase-detection conductivity 
probe equipped with two needle sensors. The two sensors were identically designed: each sensor 
had an inner electrode of diameter Ø = 0.25 mm and an outer electrode of diameter of 0.8 mm. The 
F-2 
distances between sensor tips were Δx = 0.0069 m and Δz = 0.0020 m where Δx is the longitudinal 
separation distance and Δz is the transverse separation distance. The two sensors were aligned with 
the flow direction and excited simultaneously by an electronic system (ref. UQ82.518) designed 
with a response time less than 10 µs. The phase-detection probe was located on the centreline of the 
jet, with the probe sensors facing upwards the free-falling flow. Based upon the sensitivity analysis 
(Appendix D), the sampling rate and sampling duration were respectively 20 kHz per channel and 
90 seconds. 
The flow conditions were characterised by the water discharge Q, the impact velocity V1 and the jet 
thickness d1 at x =x1 = 0.1 m. The discharge was measured using a flowmeter in the supply 
pipeline. The free-stream velocity V1 was determined using the air-water interfacial velocity data of 
the conductivity probe and the water-phase velocity data of the Pitot tube. The jet thickness was 
calculated from the void fraction data as the equivalent clear water depth:  
 
90y Y
1
y 0
d (1 C)dy


   (F.1) 
where y is the horizontal distance from the PVC jet support, C is the void fraction measured with 
the conductivity probe and Y90 is the horizontal location where void fraction equals 90%. 
A mass conservation check, between the discharge measured with the flowmeter and the discharge 
calculated with the integration of the velocity distribution, showed relatively small differences, 
between 2.2% and 7.4%, as presented in Section 2.1 and in Figure F-2. 
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 Fig. F-2 - Difference of discharge between the flowmeter and derived from the Pitot tube and 
conductivity probe free-stream velocity and equivalent clear water thickness 
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F.2 PHASE--DETECTION PROBE – EXPERIMENTAL DATA 
The phase-detection probe measurements were conducted at 8 to 11 vertical locations, depending 
on the jet impact velocity, from: x–x1 = 0.02 m to 0.43 m (1). At each elevation, between 10 and 40 
different horizontal locations were investigated. A summary of the experiments is presented in 
Table F-1. A detailed summary of characteristic air-water flow properties is in section F.3. 
A number of air-water parameters are presented for each flow condition (Table F-2). The bubble 
clustering properties were derived based on the near-wake criterion and were only analysed for C < 
0.3 (CHANSON 2002, CHANSON et al. 2006). 
The probability density function of bubble chord length is presented for each impact velocity at four 
specific horizontal positions: a position towards the PVC sheet, YFmax, YCmax and the position where 
the air-water interfacial velocity gradient is the largest outside of the boundary layer, for each 
vertical elevation (Fig. F-29 to F-38). 
Lastly a number of turbulence intensity and auto-correlation time scale data were physically 
meaningless, e.g. turbulence intensity values larger than 5. They were marked in italic in the 
following experimental results. 
 
Table F-1 - Summary of the conductivity probe measurement locations 
 
Impact 
Velocity 
V1 (m/s) 
Nb. of 
cross-section 
(-) 
First vertical 
position 
(x-x1)min (m) 
Last vertical 
position 
(x-x1)max (m) 
First horizontal 
position 
ymin (m) 
Last horizontal 
position 
ymin (m) 
2.49 8 0.02 0.24 0.003 0.160 
3.80 8 0.02 0.24 0.003 0.160 
5.55 10 0.02 0.35 -0.016 0.160 
7.43 11 0.02 0.43 -0.017 0.150 
 
Table F-2 - List of investigated air-water flow parameters 
 
x Vertical position (m) 
y Horizontal position (m) 
C Time-averaged void fraction (-) 
Fab Bubble count rate (Hz) 
V Time-averaged air-water interfacial velocity (m/s) 
Tu Interfacial turbulence intensity (-) 
Txx Auto-correlation time scale (s) 
Fclu Bubble clustering count rate (Hz) 
Nclu Average number of bubbles per cluster (-) 
Pclu Proportion of bubble in clusters (-) 
                                                 
1 For x-x1 > 0.3 m, the data were collected below the support's lower end. 
F-4 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Impact velocity at 0.1 m downstream of nozzle, V1 (m/s) 2.49 
Equivalent clear water depth, d1 (m) 0.0104 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.020 0.003 0.107 23.6 2.19 0.0297 6.71 4.73 2.99 59.8 
0.020 0.004 0.113 23.1 2.23 0.0272 5.00 4.69 2.97 60.2 
0.020 0.005 0.142 28.9 2.16 0.0286 4.36 6.13 2.92 61.9 
0.020 0.006 0.177 33.8 2.16 0.0248 3.45 7.10 2.95 61.9 
0.020 0.007 0.158 30.3 2.26 0.0251 4.27 6.46 2.87 61.2 
0.020 0.008 0.200 37.7 2.16 0.0213 3.01 8.28 2.79 61.2 
0.020 0.009 0.199 38.6 2.19 0.0195 2.53 8.59 2.62 58.3 
0.020 0.010 0.220 42.7 2.23 0.018 2.16 9.10 2.69 57.4 
0.020 0.011 0.236 44.8 2.23 0.0143 1.79 9.64 2.64 56.9 
0.020 0.012 0.258 45.9 2.19 0.0114 1.67 10.5 2.49 57.1 
0.020 0.013 0.278 49.1 2.16 0.0117 1.63 11.1 2.55 57.7 
0.020 0.014 0.304 52.1 2.03 0.0084 1.55 -- -- -- 
0.020 0.015 0.316 47.1 2.09 0.0076 1.72 -- -- -- 
0.020 0.016 0.277 40.6 1.89 0.0092 1.62 9.58 2.46 58.1 
0.020 0.017 0.262 36.1 1.97 0.0109 1.95 8.51 2.48 58.4 
0.020 0.018 0.241 30.8 2.00 0.0119 1.93 7.02 2.54 58.0 
0.020 0.019 0.195 23.2 2.00 0.016 2.34 5.53 2.48 59.1 
0.020 0.020 0.190 20.2 1.92 0.0155 2.34 4.67 2.46 56.8 
0.020 0.021 0.147 16.2 2.00 0.0148 2.68 3.59 2.43 53.7 
0.020 0.023 0.108 12.1 2.00 0.0229 3.91 2.39 2.90 57.2 
0.020 0.025 0.085 9.0 2.03 0.0216 3.27 1.68 2.81 52.2 
0.020 0.027 0.032 4.2 2.26 0.0124 6.43 0.56 2.88 38.1 
0.020 0.030 0.025 3.3 -0.83 0.0140 5.32 0.43 6.62 86.6 
0.020 0.035 0.012 1.8 3.00 0.0085 7.79 0.16 3.14 27.3 
0.020 0.040 0.006 1.2 -0.69 0.0052 0.21 0.01 6.00 5.4 
0.020 0.060 0.003 1.0 0.10 0.0035 -- 0.01 2.00 2.3 
0.020 0.080 0.003 0.7 -0.69 0.0034 0.13 0.02 31.5 95.5 
0.020 0.100 0.006 1.26 0.17 0.0043 -- 0.04 2.00 7.08 
0.030 0.004 0.108 29.6 2.09 0.0204 3.22 5.72 2.69 52.0 
0.030 0.006 0.148 37.3 1.92 0.0172 2.20 7.77 2.57 53.5 
0.030 0.008 0.154 39.6 1.97 0.0123 2.07 8.24 2.43 50.7 
0.030 0.010 0.191 47.5 1.92 0.0136 1.94 9.68 2.55 52.0 
0.030 0.012 0.208 50.6 1.79 0.0073 1.59 10.8 2.37 50.3 
0.030 0.013 0.219 54.9 1.84 0.0070 1.65 11.6 2.45 51.7 
0.030 0.014 0.254 56.7 1.79 0.0074 1.63 12.5 2.51 55.3 
0.030 0.015 0.234 53.6 1.79 0.0058 1.50 12.1 2.40 54.0 
0.030 0.016 0.226 46.9 1.64 0.0062 1.48 10.3 2.37 52.0 
0.030 0.018 0.208 40.8 1.62 0.0069 1.79 8.99 2.38 52.4 
0.030 0.020 0.167 31.0 1.68 0.0099 2.13 6.92 2.36 52.7 
0.030 0.022 0.121 19.4 1.75 0.0127 2.74 3.84 2.32 46.2 
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Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 2.49 
Equivalent clear water depth, d1 (m) 0.0104 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.050 0.003 0.040 21.5 2.16 0.0086 1.48 2.78 2.36 30.6 
0.050 0.005 0.063 33.1 2.03 0.0076 1.50 5.17 2.34 36.5 
0.050 0.007 0.086 43.0 1.89 0.0082 1.27 6.92 2.34 37.7 
0.050 0.008 0.106 46.6 1.89 0.0061 1.51 8.19 2.32 40.8 
0.050 0.009 0.130 53.0 1.82 0.0081 1.50 9.68 2.37 43.2 
0.050 0.011 0.121 53.7 1.84 0.0049 1.35 9.43 2.31 40.5 
0.050 0.013 0.153 59.8 1.77 0.0051 1.41 11.1 2.37 44.1 
0.050 0.014 0.157 56.6 1.77 0.0061 1.72 10.7 2.35 44.1 
0.050 0.015 0.147 55.8 1.75 0.0055 1.58 10.3 2.36 43.6 
0.050 0.016 0.167 59.8 1.70 0.0049 1.50 11.5 2.35 45.3 
0.050 0.017 0.163 53.3 1.62 0.0053 1.40 10.8 2.35 47.8 
0.050 0.018 0.162 50.2 1.41 0.0059 1.41 9.67 2.37 45.6 
0.050 0.019 0.167 51.1 1.57 0.0059 1.73 10.5 2.42 49.7 
0.050 0.020 0.155 42.0 1.48 0.0067 2.09 8.06 2.41 46.2 
0.050 0.021 0.157 40.2 1.60 0.0094 2.54 8.09 2.37 47.6 
0.050 0.023 0.128 30.4 1.29 0.0087 2.10 6.19 2.40 48.8 
0.050 0.026 0.083 19.0 1.34 0.0114 2.30 3.29 2.36 41.0 
0.050 0.030 0.043 10.4 1.22 0.0101 3.64 1.73 2.39 39.9 
0.050 0.035 0.025 5.8 0.48 0.0105 1.82 0.77 2.33 30.6 
0.050 0.040 0.010 2.5 -0.69 0.0076 2.39 0.26 8.65 88.4 
0.050 0.050 0.002 0.7 -0.69 0.0028 0.32 0.02 26.0 81.3 
0.050 0.060 0.001 0.5 0.17 0.0070 0.06 -- -- -- 
0.050 0.080 0.001 0.2 -0.69 0.0017 0.11 -- -- -- 
0.050 0.100 0.001 0.4 -- 0.0022 2.20 -- -- -- 
0.070 0.003 0.022 20.4 1.86 0.0031 0.73 2.37 2.18 25.3 
0.070 0.005 0.042 32.8 2.03 0.0039 0.94 4.50 2.22 30.4 
0.070 0.007 0.066 44.7 1.94 0.0039 1.09 7.42 2.21 36.7 
0.070 0.009 0.094 54.5 1.82 0.0031 1.16 8.93 2.28 37.3 
0.070 0.011 0.112 61.7 1.86 0.0033 1.23 11.47 2.28 42.4 
0.070 0.013 0.132 63.7 1.73 0.0032 1.19 11.69 2.34 43.0 
0.070 0.015 0.151 66.0 1.68 0.0036 1.34 12.83 2.35 45.7 
0.070 0.017 0.155 64.3 1.59 0.0037 1.31 12.53 2.34 45.5 
0.070 0.019 0.171 61.8 1.48 0.0041 1.40 12.18 2.37 46.7 
0.070 0.021 0.167 54.7 1.47 0.0047 1.48 10.97 2.40 48.1 
0.070 0.023 0.167 48.0 1.39 0.0053 1.64 9.59 2.37 47.4 
0.070 0.025 0.149 38.6 1.27 0.0065 1.50 7.78 2.41 48.5 
0.070 0.027 0.125 31.7 1.23 0.0078 1.91 5.94 2.38 44.6 
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Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Free-stream velocity at 100 mm downstream of nozzle, V1(x = 0.1 m) (m/s) 2.49 
Equivalent clear water depth, d1 (m) 0.0104 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.019 16.5 1.66 0.0027 0.90 1.40 2.12 17.9 
0.100 0.006 0.050 35.0 1.79 0.0025 0.99 4.23 2.24 27.1 
0.100 0.009 0.079 48.8 1.84 0.0029 1.20 7.53 2.27 35.0 
0.100 0.011 0.095 53.0 1.66 0.0031 1.14 8.11 2.28 34.9 
0.100 0.013 0.124 63.3 1.59 0.0033 1.14 11.51 2.36 43.0 
0.100 0.014 0.130 63.2 1.68 0.0035 1.32 10.90 2.37 40.8 
0.100 0.015 0.141 63.5 1.53 0.0035 1.20 11.86 2.36 43.9 
0.100 0.016 0.143 63.0 1.66 0.0038 1.44 11.27 2.37 42.3 
0.100 0.017 0.151 64.6 1.59 0.0038 1.35 12.00 2.38 44.2 
0.100 0.018 0.157 63.4 1.52 0.0038 1.38 12.07 2.41 45.9 
0.100 0.019 0.154 59.2 1.55 0.0039 1.55 11.28 2.36 45.0 
0.100 0.020 0.154 56.7 1.42 0.0045 1.42 11.16 2.39 47.0 
0.100 0.021 0.161 57.9 1.47 0.0044 1.61 11.36 2.40 47.0 
0.100 0.022 0.143 51.0 1.47 0.0046 1.63 8.97 2.41 42.3 
0.100 0.023 0.144 49.0 1.27 0.0049 1.37 8.60 2.37 41.6 
0.100 0.025 0.145 43.6 1.41 0.0055 1.79 8.29 2.34 44.6 
0.100 0.027 0.148 43.3 1.30 0.0061 1.75 7.53 2.39 41.7 
0.100 0.029 0.129 34.3 1.24 0.0071 1.91 6.02 2.35 41.2 
0.100 0.031 0.096 24.3 1.22 0.0088 1.88 3.72 2.29 35.0 
0.100 0.034 0.083 18.4 1.25 0.0097 2.48 2.57 2.34 32.7 
0.100 0.037 0.060 13.1 1.86 0.0102 4.85 1.42 2.27 24.7 
0.100 0.040 0.045 10.3 1.33 0.0099 2.75 1.07 2.16 22.3 
0.100 0.045 0.008 1.8 -0.74 0.0063 0.62 0.06 31.0 96.9 
0.100 0.050 0.004 0.9 0.40 0.0047 0.05 -- -- -- 
0.100 0.060 0.001 0.1 -0.69 0.0033 0.18 -- -- -- 
0.100 0.080 0.000 0.0 -- 0.0139 -- -- -- -- 
0.100 0.100 0.000 0.0 -- 0.0326 -- -- -- -- 
0.130 0.004 0.040 30.4 1.68 0.0026 1.00 3.80 2.21 27.6 
0.130 0.006 0.067 44.3 1.66 0.0029 1.03 6.83 2.32 35.7 
0.130 0.008 0.085 53.4 1.64 0.0029 1.04 8.34 2.34 36.5 
0.130 0.010 0.106 60.3 1.59 0.0032 1.25 10.1 2.30 38.6 
0.130 0.012 0.116 63.6 1.57 0.0032 1.15 10.7 2.34 39.4 
0.130 0.014 0.126 65.3 1.52 0.0032 1.20 11.0 2.38 40.2 
0.130 0.016 0.134 63.9 1.55 0.0033 1.36 10.9 2.34 39.9 
0.130 0.018 0.142 62.4 1.47 0.0040 1.50 10.3 2.41 39.7 
0.130 0.020 0.148 61.3 1.45 0.0042 1.55 10.6 2.37 41.2 
0.130 0.022 0.150 57.6 1.38 0.0045 1.42 10.0 2.39 41.5 
0.130 0.024 0.140 51.2 1.25 0.0049 1.42 8.87 2.39 41.3 
0.130 0.026 0.144 48.4 1.29 0.0060 1.83 8.66 2.36 42.1 
0.130 0.028 0.134 40.7 1.25 0.0059 1.68 6.68 2.39 39.2 
0.130 0.030 0.113 34.8 1.28 0.0061 1.88 6.68 2.39 39.2 
 
F-7 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 2.49 
Equivalent clear water depth, d1 (m) 0.0104 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.160 0.003 0.031 19.5 1.39 0.0025 0.82 1.69 2.20 19.0 
0.160 0.005 0.057 31.4 1.38 0.0033 1.01 3.78 2.26 27.2 
0.160 0.008 0.086 42.7 1.37 0.0033 1.14 5.99 2.28 31.9 
0.160 0.010 0.084 48.9 1.50 0.0029 1.06 6.73 2.28 31.5 
0.160 0.012 0.093 50.2 1.45 0.0030 1.14 7.02 2.25 31.4 
0.160 0.013 0.092 51.7 1.48 0.0031 1.17 7.12 2.29 31.6 
0.160 0.014 0.096 50.2 1.45 0.0031 1.10 6.58 2.27 29.7 
0.160 0.015 0.104 50.8 1.44 0.0035 1.28 7.67 2.29 34.5 
0.160 0.016 0.106 52.6 1.50 0.0034 1.37 7.42 2.30 32.4 
0.160 0.017 0.106 53.2 1.50 0.0036 1.29 7.40 2.28 31.8 
0.160 0.018 0.112 51.5 1.39 0.0038 1.33 7.20 2.29 32.0 
0.160 0.019 0.109 50.1 1.31 0.0041 1.24 7.10 2.28 32.2 
0.160 0.020 0.112 49.7 1.37 0.0038 1.45 7.22 2.26 32.8 
0.160 0.022 0.110 46.4 1.27 0.0043 1.36 6.59 2.26 32.1 
0.160 0.024 0.115 45.5 1.30 0.0045 1.57 6.46 2.32 32.9 
0.160 0.026 0.108 40.1 1.29 0.0049 1.73 5.76 2.26 32.4 
0.160 0.028 0.109 38.0 1.01 0.0057 1.24 4.99 2.35 30.8 
0.160 0.030 0.102 34.4 0.99 0.0056 1.43 4.82 2.30 32.3 
0.160 0.032 0.090 28.9 1.21 0.0056 1.82 3.83 2.28 30.2 
0.160 0.034 0.085 25.8 1.15 0.0065 1.78 3.21 2.28 28.4 
0.160 0.036 0.081 23.9 0.95 0.0067 1.81 2.87 2.26 27.1 
0.160 0.039 0.060 12.0 0.85 0.0104 2.31 1.23 2.22 22.9 
0.160 0.044 0.033 5.9 -0.69 0.0103 2.72 0.48 12.0 97.4 
0.160 0.049 0.016 3.7 -0.69 0.0072 2.83 0.22 16.1 97.3 
0.160 0.059 0.005 1.5 -0.69 0.0052 0.93 0.08 16.0 84.2 
0.160 0.079 0.000 0.2 -0.69 0.0016 0.85 -- -- -- 
0.160 0.099 0.000 0.0 -- 0.0199 -- -- -- -- 
 
F-8 
 
Discharge, Qw (m3/s) (Flowmeter) 0.00683 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 2.49 
Equivalent clear water depth, d1 (m) 0.0104 
 
 x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.240 0.003 0.007 5.21 0.863 0.0017 0.68 0.20 2.11 8.10 
0.240 0.003 0.032 20.1 1.30 0.0023 0.85 1.43 2.17 15.5 
0.240 0.004 0.044 25.6 1.25 0.0029 0.99 2.27 2.15 19.1 
0.240 0.005 0.045 28.0 1.30 0.0027 0.81 2.37 2.16 18.2 
0.240 0.007 0.055 33.5 1.29 0.0022 0.79 3.16 2.13 20.1 
0.240 0.009 0.065 36.8 1.21 0.0026 0.96 3.89 2.19 23.1 
0.240 0.011 0.069 39.3 1.23 0.0027 0.91 4.00 2.22 22.6 
0.240 0.013 0.076 39.5 1.22 0.0028 0.88 4.38 2.18 24.2 
0.240 0.015 0.074 38.2 1.10 0.0028 0.85 4.36 2.22 25.3 
0.240 0.017 0.076 36.8 1.06 0.0031 1.00 4.08 2.18 24.1 
0.240 0.019 0.074 33.1 1.18 0.0036 1.22 3.61 2.23 24.3 
0.240 0.021 0.073 31.8 1.12 0.0035 1.08 3.36 2.24 23.7 
0.240 0.023 0.079 33.5 1.18 0.0040 1.40 3.52 2.22 23.4 
0.240 0.025 0.074 30.8 1.17 0.0034 1.62 3.02 2.15 21.1 
0.240 0.027 0.073 30.3 1.09 0.0038 1.41 3.23 2.18 23.3 
0.240 0.029 0.070 25.5 0.97 0.0043 1.03 2.24 2.20 19.4 
0.240 0.031 0.070 24.7 0.78 0.0048 1.09 2.33 2.13 20.2 
0.240 0.033 0.065 21.3 0.92 0.0053 1.44 1.99 2.16 20.2 
0.240 0.035 0.065 23.8 1.08 0.0041 1.17 2.33 2.20 21.6 
0.240 0.037 0.061 20.1 0.95 0.0050 1.83 2.08 2.16 22.3 
0.240 0.039 0.056 17.5 0.79 0.0052 0.88 1.57 2.15 19.3 
0.240 0.042 0.048 14.1 0.76 0.0060 1.98 1.36 2.14 20.5 
0.240 0.045 0.049 13.5 0.65 0.0077 1.14 1.16 2.17 18.6 
0.240 0.048 0.037 10.2 0.37 0.0061 0.50 0.76 2.18 16.2 
0.240 0.053 0.026 6.8 -- 0.0076 -- 0.46 14.6 97.2 
0.240 0.058 0.015 4.1 0.44 0.0060 0.87 0.21 2.05 10.6 
0.240 0.068 0.006 1.8 -1.01 0.0051 0.90 0.04 35.3 88.1 
0.240 0.078 0.002 0.7 0.58 0.0032 0.43 0.02 2.00 6.15 
0.240 0.098 0.000 0.1 -0.69 0.0130 0.85 -- -- -- 
F-9 
 
Discharge, Qw (m3/s) 0.0121 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 3.80 
Equivalent clear water depth, d1 (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.020 0.003 0.221 95.0 3.61 0.0301 7.18 18.0 3.69 70.2 
0.020 0.004 0.257 105.6 3.61 0.0298 7.75 21.0 3.63 72.3 
0.020 0.005 0.255 103.0 3.61 0.0284 6.57 21.0 3.51 71.3 
0.020 0.006 0.250 104.1 3.61 0.0243 4.55 20.9 3.31 66.6 
0.020 0.007 0.217 95.3 3.61 0.0222 3.91 19.8 3.12 64.8 
0.020 0.008 0.229 97.8 3.51 0.0214 3.42 20.5 3.03 63.6 
0.020 0.009 0.261 106.1 3.61 0.0216 3.69 21.8 3.12 64.1 
0.020 0.010 0.254 107.6 3.51 0.0188 2.79 22.6 2.96 62.2 
0.020 0.011 0.286 115.5 3.51 0.018 2.84 24.7 2.98 63.6 
0.020 0.012 0.270 115.5 3.51 0.0131 2.18 24.3 2.85 59.9 
0.020 0.013 0.288 119.5 3.51 0.0140 2.35 26.2 2.76 60.5 
0.020 0.014 0.297 119.8 3.51 0.0140 2.26 26.0 2.76 59.9 
0.020 0.015 0.319 123.6 3.51 0.0112 2.21 -- -- -- 
0.020 0.016 0.304 123.0 3.51 0.0087 2.06 -- -- -- 
0.020 0.017 0.330 110.7 3.42 0.0074 2.50 -- -- -- 
0.020 0.018 0.331 110.4 3.42 0.0079 2.39 -- -- -- 
0.020 0.019 0.333 102.3 3.51 0.0088 2.69 -- -- -- 
0.020 0.020 0.306 85.1 3.42 0.0080 3.10 -- -- -- 
0.020 0.021 0.296 82.9 3.33 0.0097 3.36 19.2 2.74 63.2 
0.020 0.022 0.279 69.4 3.51 0.0112 3.86 15.8 2.77 63.1 
0.020 0.023 0.257 60.2 3.42 0.0099 4.15 14.0 2.72 63.3 
0.020 0.024 0.227 49.3 3.51 0.0137 4.50 11.5 2.68 62.3 
0.020 0.025 0.183 37.7 3.33 0.0155 5.08 8.69 2.69 62.0 
0.020 0.027 0.124 21.9 3.25 0.0159 5.48 4.73 2.67 57.9 
0.020 0.030 0.070 11.9 3.51 0.0132 6.63 2.28 2.84 54.2 
0.020 0.035 0.028 4.8 2.95 0.0098 5.88 0.40 2.42 20.2 
0.020 0.040 0.017 3.6 0.66 0.0070 2.39 0.17 3.07 14.2 
0.020 0.060 0.016 4.0 0.08 0.0034 0.03 0.12 2.09 6.41 
0.020 0.080 0.010 2.8 0.17 0.0036 0.02 0.09 2.00 6.45 
0.020 0.110 0.007 2.2 0.10 0.0032 0.07 0.01 2.00 1.00 
0.020 0.160 0.009 2.1 0.41 0.0098 0.16 0.10 2.22 10.4 
0.030 0.004 0.211 91.2 3.61 0.0321 9.53 17.9 3.47 68.1 
0.030 0.006 0.263 110.6 3.61 0.0244 6.22 22.7 3.29 67.6 
0.030 0.008 0.275 118.8 3.61 0.0241 4.38 22.7 3.29 67.6 
0.030 0.010 0.251 115.6 3.51 0.0168 2.55 22.7 3.29 67.6 
0.030 0.012 0.246 113.9 3.42 0.0155 2.36 23.6 2.76 57.3 
0.030 0.014 0.273 127.4 3.42 0.0077 1.74 23.6 2.76 57.3 
0.030 0.016 0.300 126.5 3.42 0.0093 2.17 -- -- -- 
0.030 0.018 0.328 110.5 3.33 0.0105 2.73 -- -- -- 
0.030 0.020 0.286 95.7 3.25 0.0061 2.73 -- -- -- 
0.030 0.022 0.270 76.7 3.25 0.0101 3.48 -- -- -- 
0.030 0.024 0.234 53.5 3.33 0.0136 4.22 12.4 2.65 61.2 
0.030 0.026 0.168 37.5 3.25 0.0133 4.58 8.36 2.72 60.6 
 
F-10 
 
Discharge, Qw (m3/s) 0.0121 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 3.80 
Equivalent clear water depth, d1 (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.050 0.003 0.142 79.1 3.42 0.0218 5.38 15.4 3.01 58.7 
0.050 0.005 0.193 101.9 3.33 0.0214 5.06 20.2 3.00 59.6 
0.050 0.006 0.252 130.6 3.33 0.0210 4.91 27.0 3.02 62.4 
0.050 0.007 0.250 124.4 3.25 0.0183 4.19 26.4 2.90 61.5 
0.050 0.008 0.214 127.0 3.33 0.0163 3.49 26.9 2.76 58.5 
0.050 0.009 0.238 137.0 3.25 0.0146 2.85 29.2 2.80 59.6 
0.050 0.011 0.223 141.7 3.10 0.0106 1.97 30.4 2.64 56.7 
0.050 0.013 0.239 146.1 3.10 0.0104 1.89 30.9 2.65 56.1 
0.050 0.014 0.238 144.8 3.17 0.0086 2.06 30.4 2.58 54.2 
0.050 0.015 0.245 146.9 3.10 0.0076 1.77 31.6 2.60 55.8 
0.050 0.016 0.251 149.4 3.10 0.0049 1.75 32.2 2.58 55.6 
0.050 0.017 0.260 152.7 3.02 0.0048 1.67 34.0 2.58 57.4 
0.050 0.018 0.260 144.3 3.10 0.0069 1.96 31.7 2.62 57.5 
0.050 0.019 0.271 141.9 2.95 0.0037 1.80 32.1 2.56 57.9 
0.050 0.020 0.256 130.8 2.95 0.0051 2.19 29.1 2.57 57.3 
0.050 0.021 0.266 132.0 2.95 0.0042 1.97 29.8 2.57 58.0 
0.050 0.023 0.266 113.3 2.89 0.0052 2.67 26.3 2.63 61.2 
0.050 0.025 0.225 92.2 2.77 0.0073 3.00 21.3 2.63 60.7 
0.050 0.027 0.190 66.6 2.83 0.0082 3.91 15.0 2.64 59.3 
0.050 0.029 0.135 44.3 2.55 0.0119 4.06 9.62 2.61 56.6 
0.050 0.031 0.100 27.5 2.20 0.0112 3.56 5.62 2.58 52.8 
0.050 0.034 0.074 18.4 1.71 0.0120 3.34 3.37 2.67 48.9 
0.050 0.037 0.047 10.2 2.50 0.0100 7.24 1.41 2.39 33.2 
0.050 0.040 0.023 6.26 -- 0.0061 -- 0.50 12.11 96.8 
0.050 0.050 0.015 3.92 -0.79 0.0046 0.63 0.13 27.17 92.4 
0.050 0.060 0.015 4.56 -0.87 0.0043 0.72 0.13 33.17 97.1 
0.050 0.080 0.013 4.11 -1.01 0.0041 1.26 0.11 23.00 62.3 
0.050 0.100 0.010 3.39 0.37 0.0034 0.02 0.06 2.00 3.28 
0.050 0.120 0.009 3.39 -0.65 0.0029 0.33 0.03 81.33 80.0 
0.050 0.140 0.010 3.33 1.07 0.0030 0.49 0.08 2.14 5.00 
0.050 0.160 0.009 3.14 0.61 0.0035 0.39 0.02 2.00 1.41 
0.070 0.005 0.140 105.7 3.07 0.0133 2.63 20.2 2.63 50.4 
0.070 0.007 0.183 127.4 2.94 0.0104 2.31 25.9 2.60 52.8 
0.070 0.009 0.188 138.2 3.00 0.0100 2.01 28.3 2.58 52.8 
0.070 0.011 0.191 143.3 3.00 0.0066 1.67 29.3 2.55 52.1 
0.070 0.013 0.218 153.0 2.88 0.0070 1.63 32.3 2.58 54.5 
0.070 0.015 0.229 157.8 2.88 0.0051 1.51 34.5 2.51 54.8 
0.070 0.017 0.233 160.0 2.82 0.0040 1.55 34.5 2.51 54.8 
0.070 0.019 0.254 159.7 2.76 0.0033 1.58 35.6 2.55 56.7 
0.070 0.021 0.261 152.9 2.60 0.0032 1.63 34.5 2.57 58.0 
0.070 0.023 0.272 145.8 2.60 0.0036 1.90 33.4 2.59 59.5 
0.070 0.025 0.250 122.0 2.46 0.0044 2.18 27.7 2.61 59.3 
0.070 0.027 0.249 108.1 2.26 0.0064 2.21 25.2 2.63 61.3 
 
F-11 
 
Discharge, Qw (m3/s) 0.0121 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 3.80 
Equivalent clear water depth, d1 (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.058 75.6 2.95 0.0028 1.18 10.9 2.33 33.8 
0.100 0.005 0.083 95.1 3.02 0.0032 1.46 15.8 2.37 39.3 
0.100 0.007 0.106 115.4 3.02 0.0032 1.47 19.9 2.40 41.3 
0.100 0.009 0.129 132.8 3.02 0.0030 1.35 24.0 2.40 43.4 
0.100 0.011 0.148 141.0 2.88 0.0029 1.33 26.4 2.46 46.1 
0.100 0.013 0.163 150.0 2.82 0.0029 1.31 29.1 2.43 47.2 
0.100 0.015 0.209 155.9 2.65 0.0025 1.31 31.8 2.49 50.8 
0.100 0.016 0.193 159.8 2.71 0.0026 1.40 32.6 2.46 50.2 
0.100 0.017 0.207 161.2 2.65 0.0027 1.47 33.7 2.46 51.4 
0.100 0.018 0.213 162.2 2.65 0.0025 1.42 33.3 2.49 51.1 
0.100 0.019 0.209 155.9 2.60 0.0027 1.43 31.8 2.49 50.8 
0.100 0.020 0.218 152.6 2.41 0.0028 1.55 31.9 2.51 52.4 
0.100 0.021 0.229 150.5 2.51 0.0029 1.60 32.3 2.51 54.0 
0.100 0.022 0.226 145.3 2.42 0.0032 1.60 30.5 2.52 53.0 
0.100 0.023 0.235 147.1 2.51 0.0031 1.68 31.4 2.54 54.1 
0.100 0.024 0.230 141.3 2.26 0.0034 1.65 30.3 2.52 54.0 
0.100 0.025 0.210 126.4 2.50 0.0036 2.04 25.8 2.54 51.9 
0.100 0.026 0.202 114.2 2.50 0.0039 2.02 24.0 2.50 52.7 
0.100 0.027 0.205 113.7 2.41 0.0040 2.23 23.7 2.54 53.0 
0.100 0.029 0.191 98.3 2.24 0.0048 2.29 20.6 2.54 53.3 
0.100 0.031 0.170 81.0 1.88 0.0050 1.92 16.6 2.53 51.8 
0.100 0.034 0.154 61.7 1.86 0.0075 2.43 12.8 2.55 52.6 
0.100 0.037 0.114 40.5 1.91 0.0102 3.23 7.87 2.51 48.8 
0.100 0.040 0.100 32.3 2.55 0.0117 6.26 5.79 2.50 44.7 
0.100 0.045 0.061 17.7 1.91 0.0116 4.76 2.77 2.45 38.2 
0.100 0.050 0.029 8.10 -1.49 0.0098 5.28 0.80 9.53 94.1 
0.100 0.060 0.008 2.38 -0.96 0.0049 1.02 0.09 22.63 84.6 
0.100 0.080 0.005 2.27 -0.65 0.0023 0.11 0.01 36.00 17.6 
0.100 0.100 0.004 1.66 -0.72 0.0024  0.06 29.20 98.0 
0.100 0.120 0.002 0.91 -0.74 0.0023 0.20 0.01 39.00 47.6 
0.100 0.140 0.004 1.22 0.15 0.0036 0.03 0.01 2.00 1.82 
0.100 0.160 0.002 0.63 0.16 0.0024 -- -- -- -- 
0.130 0.008 0.108 128.1 2.82 0.0021 1.15 21.4 2.37 39.5 
0.130 0.010 0.124 138.7 2.76 0.0022 1.08 24.5 2.38 42.1 
0.130 0.012 0.138 146.1 2.82 0.0022 1.25 26.2 2.40 43.1 
0.130 0.014 0.161 151.4 2.76 0.0023 1.38 28.2 2.43 45.3 
0.130 0.016 0.174 155.1 2.65 0.0024 1.39 30.0 2.44 47.2 
0.130 0.018 0.185 153.9 2.56 0.0025 1.39 29.6 2.42 46.7 
0.130 0.020 0.205 156.1 2.56 0.0027 1.50 31.5 2.48 50.0 
0.130 0.022 0.208 150.8 2.42 0.0029 1.51 30.3 2.51 50.5 
0.130 0.024 0.206 139.1 2.42 0.0033 1.81 28.0 2.49 50.1 
0.130 0.026 0.204 127.8 2.19 0.0034 1.68 25.2 2.52 49.7 
0.130 0.028 0.202 118.8 2.23 0.0038 1.97 23.7 2.50 49.9 
0.130 0.030 0.201 109.1 2.00 0.0042 1.93 22.1 2.50 50.8 
0.130 0.032 0.190 93.1 1.97 0.0050 2.07 18.8 2.52 50.7 
0.130 0.034 0.183 83.3 1.94 0.0054 2.27 16.6 2.53 50.3 
F-12 
 
Discharge, Qw (m3/s) 0.0121 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 3.80 
Equivalent clear water depth, d1 (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.160 0.003 0.042 63.1 2.60 0.0018 1.15 7.22 2.26 25.9 
0.160 0.004 0.056 78.3 2.65 0.0018 0.99 9.89 2.29 29.0 
0.160 0.006 0.076 99.8 2.65 0.0021 1.05 14.3 2.35 33.6 
0.160 0.008 0.095 113.4 2.65 0.0022 1.11 17.9 2.35 36.9 
0.160 0.010 0.110 123.1 2.65 0.0023 1.14 19.8 2.39 38.4 
0.160 0.012 0.137 134.9 2.55 0.0025 1.18 22.8 2.46 41.6 
0.160 0.013 0.124 128.1 2.60 0.0023 1.17 21.6 2.39 40.3 
0.160 0.014 0.137 138.7 2.65 0.0022 1.22 24.3 2.40 41.9 
0.160 0.015 0.135 134.8 2.61 0.0022 1.22 22.6 2.37 39.9 
0.160 0.016 0.149 137.8 2.60 0.0025 1.33 24.1 2.44 42.7 
0.160 0.017 0.146 138.7 2.51 0.0024 1.39 23.3 2.40 40.3 
0.160 0.018 0.154 139.5 2.50 0.0024 1.27 25.5 2.40 44.0 
0.160 0.019 0.156 136.4 2.42 0.0026 1.39 24.4 2.40 42.9 
0.160 0.020 0.165 137.2 2.41 0.0027 1.39 24.8 2.45 44.3 
0.160 0.021 0.166 137.4 2.42 0.0026 1.41 24.9 2.42 43.9 
0.160 0.022 0.173 135.4 2.28 0.0028 1.38 24.6 2.47 44.9 
0.160 0.024 0.175 132.9 2.28 0.0031 1.52 24.7 2.46 45.6 
0.160 0.026 0.180 122.5 2.36 0.0035 1.83 22.7 2.49 46.2 
0.160 0.028 0.184 117.4 2.24 0.0036 1.80 22.0 2.50 46.7 
0.160 0.030 0.180 107.8 2.03 0.0039 1.71 20.2 2.46 46.0 
0.160 0.033 0.176 95.6 2.13 0.0046 2.42 17.5 2.47 45.2 
0.160 0.036 0.164 79.7 1.94 0.0056 2.37 14.5 2.49 45.4 
0.160 0.039 0.152 63.4 1.81 0.0068 2.46 11.0 2.46 42.8 
0.160 0.044 0.122 45.4 1.52 0.0089 2.42 7.90 2.40 41.7 
0.160 0.049 0.099 31.7 1.94 0.0104 5.16 5.13 2.41 39.0 
0.160 0.059 0.034 11.5 -0.79 0.0059 1.78 0.87 12.79 96.2 
0.160 0.069 0.011 3.2 -1.00 0.0071 2.87 7.90 2.40 41.7 
0.160 0.079 0.002 0.8 -0.70 0.0023 0.20 0.02 31.50 92.6 
0.160 0.099 0.001 0.5 -0.69 0.0013 0.17 0.01 3.00 6.52 
0.160 0.119 0.001 0.4 -0.71 0.0035 0.10 -- -- -- 
0.160 0.139 0.001 1.1 -0.77 0.0011 0.09 -- -- -- 
 
F-13 
 
Discharge, Qw (m3/s) 0.0121 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 3.80 
Equivalent clear water depth, d1 (m) 0.0115 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.240 0.003 0.018 30.6 2.20 0.0013 0.90 1.66 2.15 11.7 
0.240 0.003 0.038 58.0 2.32 0.0015 0.78 5.06 2.21 19.3 
0.240 0.005 0.062 78.4 2.32 0.0022 1.00 8.90 2.27 25.7 
0.240 0.007 0.071 89.1 2.32 0.0019 1.02 10.4 2.28 26.6 
0.240 0.009 0.083 99.3 2.28 0.0020 1.00 12.6 2.26 28.8 
0.240 0.011 0.096 104.9 2.24 0.0025 1.04 14.1 2.31 31.0 
0.240 0.013 0.105 109.2 2.28 0.0024 1.19 14.6 2.35 31.4 
0.240 0.015 0.107 110.1 2.24 0.0023 1.07 15.6 2.31 32.7 
0.240 0.017 0.115 112.1 2.20 0.0026 1.22 15.7 2.32 32.5 
0.240 0.019 0.123 107.8 2.03 0.0027 1.14 15.8 2.36 34.6 
0.240 0.021 0.125 108.3 2.00 0.0028 1.17 16.3 2.35 35.3 
0.240 0.023 0.128 103.6 1.97 0.0027 1.30 15.8 2.34 35.7 
0.240 0.025 0.128 103.6 1.97 0.0027 1.30 15.8 2.34 35.7 
0.240 0.027 0.134 103.0 1.94 0.0031 1.42 15.8 2.35 36.2 
0.240 0.029 0.132 95.4 2.00 0.0034 1.41 14.1 2.34 34.5 
0.240 0.031 0.140 93.9 1.86 0.0038 1.53 14.2 2.38 36.0 
0.240 0.033 0.139 85.7 1.71 0.0043 1.43 13.0 2.36 35.9 
0.240 0.035 0.130 78.7 1.76 0.0051 1.72 11.4 2.39 34.5 
0.240 0.037 0.130 72.1 1.71 0.0046 1.83 10.8 2.35 35.3 
0.240 0.039 0.126 63.9 1.63 0.0047 1.79 9.38 2.34 34.4 
0.240 0.042 0.122 59.7 1.35 0.0050 1.55 8.68 2.36 34.3 
0.240 0.045 0.112 47.8 1.67 0.0063 2.70 6.49 2.36 32.1 
0.240 0.048 0.100 39.2 1.40 0.0066 2.54 4.98 2.35 29.8 
0.240 0.053 0.086 31.0 1.22 0.0083 2.67 4.24 2.28 31.2 
0.240 0.058 0.062 21.4 1.97 0.0085 4.46 2.69 2.21 27.7 
0.240 0.068 0.024 6.7 -1.64 0.0085 5.21 0.51 12.48 95.7 
0.240 0.078 0.012 4.6 -0.65 0.0049 2.31 0.14 31.15 98.5 
0.240 0.098 0.001 0.8 0.30 0.0019 0.04 0.01 2.00 2.82 
0.240 0.118 0.001 0.5 -0.65 0.0017 0.21 -- -- -- 
0.240 0.138 0.000 0.4 0.71 0.0011 -- -- -- -- 
0.240 0.158 0.000 0.4 -0.66 0.0011 0.07 -- -- -- 
 
F-14 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.020 0.003 0.120 125.1 5.52 0.0225 8.46 24.7 3.47 68.4 
0.020 0.004 0.165 152.6 5.52 0.0223 9.84 29.5 3.60 69.7 
0.020 0.005 0.166 143.0 5.52 0.0218 9.06 28.5 3.47 69.1 
0.020 0.006 0.202 160.3 5.52 0.0234 11.4 31.4 3.58 70.1 
0.020 0.007 0.230 177.0 5.52 0.0213 8.77 36.2 3.37 68.8 
0.020 0.008 0.239 176.7 5.52 0.0205 8.33 36.2 3.36 68.8 
0.020 0.009 0.261 191.6 5.52 0.0224 9.40 39.6 3.31 68.5 
0.020 0.010 0.276 201.0 5.52 0.0170 6.64 42.2 3.17 66.5 
0.020 0.011 0.287 200.6 5.31 0.0159 5.91 43.0 3.05 65.3 
0.020 0.012 0.273 219.2 5.31 0.0113 3.61 47.6 2.89 62.8 
0.020 0.013 0.319 222.8 5.31 0.0109 3.88 -- -- -- 
0.020 0.014 0.335 255.8 5.31 0.0075 2.98 -- -- -- 
0.020 0.015 0.387 251.3 5.31 0.0085 3.38 -- -- -- 
0.020 0.016 0.434 245.2 5.11 0.0077 3.32 -- -- -- 
0.020 0.017 0.434 245.2 5.11 0.0093 3.90 -- -- -- 
0.020 0.018 0.463 205.6 5.11 0.0094 4.60 -- -- -- 
0.020 0.019 0.435 184.3 4.93 0.0088 4.37 -- -- -- 
0.020 0.020 0.429 151.7 5.11 0.0118 5.20 -- -- -- 
0.020 0.021 0.398 137.6 4.93 0.0113 5.59 -- -- -- 
0.020 0.022 0.351 106.5 5.11 0.0168 7.06 -- -- -- 
0.020 0.023 0.292 77.6 5.11 0.0184 8.79 18.2 2.94 69.0 
0.020 0.024 0.269 69.4 4.93 0.0213 8.37 16.3 3.03 70.9 
0.020 0.025 0.243 59.5 5.11 0.0233 11.6 13.8 3.07 71.0 
0.020 0.027 0.159 29.6 5.31 0.0219 11.2 6.12 2.92 60.4 
0.020 0.030 0.104 16.9 5.75 0.0275 15.3 3.20 2.96 56.1 
0.020 0.035 0.056 9.1 -1.86 0.0214 9.41 1.28 6.01 84.4 
0.020 0.050 0.029 5.1 0.84 0.0160 2.54 0.38 2.47 18.2 
0.020 0.080 0.048 7.4 -1.28 0.0231 8.46 0.38 2.47 18.2 
0.020 0.110 0.059 7.3 0.30 0.0334 0.77 0.76 2.43 25.0 
0.020 0.160 0.083 8.2 0.31 0.0445  0.98 2.41 28.9 
0.030 0.005 0.189 159.6 5.52 0.0206 8.68 33.0 3.25 67.1 
0.030 0.007 0.226 179.4 5.31 0.0203 9.34 36.8 3.31 68.0 
0.030 0.009 0.257 205.6 5.31 0.0194 7.61 44.5 3.12 67.3 
0.030 0.011 0.250 211.6 5.31 0.0129 4.79 45.7 2.96 63.8 
0.030 0.013 0.307 237.1 5.11 0.0107 4.43 -- -- -- 
0.030 0.015 0.347 252.3 4.93 0.0082 3.43 -- -- -- 
0.030 0.017 0.409 259.2 4.93 0.0070 3.51 -- -- -- 
0.030 0.019 0.401 219.7 4.76 0.0051 4.36 -- -- -- 
0.030 0.021 0.362 164.3 4.60 0.0080 4.69 -- -- -- 
0.030 0.023 0.289 116.8 4.45 0.0113 6.30 27.9 2.89 68.9 
0.030 0.025 0.215 71.0 4.45 0.0153 8.08 16.4 2.87 66.3 
0.030 0.027 0.164 49.9 4.45 0.0172 8.41 16.4 2.87 66.3 
 
F-15 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.050 0.003 0.094 115.4 5.75 0.0174 7.17 22.4 3.05 59.2 
0.050 0.004 0.117 130.0 5.75 0.0180 6.46 25.7 3.18 62.8 
0.050 0.005 0.180 178.1 5.52 0.0212 9.53 36.6 3.23 66.4 
0.050 0.006 0.192 185.1 5.52 0.0199 8.68 37.7 3.27 66.6 
0.050 0.007 0.182 172.7 5.52 0.0206 8.49 35.4 3.16 64.9 
0.050 0.008 0.209 204.0 5.52 0.0187 8.90 43.3 3.05 64.8 
0.050 0.009 0.251 212.2 5.31 0.0186 9.60 44.6 3.10 65.1 
0.050 0.010 0.235 220.4 5.31 0.0149 6.18 47.0 2.99 63.6 
0.050 0.011 0.250 232.9 5.31 0.0147 5.86 49.6 3.02 64.3 
0.050 0.012 0.245 240.9 5.31 0.0122 5.08 52.1 2.83 61.3 
0.050 0.013 0.251 252.8 5.31 0.0112 4.83 55.1 2.81 61.1 
0.050 0.014 0.244 254.6 5.11 0.0087 3.57 55.5 2.71 59.1 
0.050 0.015 0.263 267.4 5.11 0.0088 3.64 58.6 2.72 59.6 
0.050 0.016 0.284 269.3 5.11 0.0080 3.54 59.9 2.72 60.6 
0.050 0.017 0.290 281.6 4.93 0.0062 2.96 62.8 2.67 59.6 
0.050 0.018 0.303 275.8 4.76 0.0052 2.85 -- -- -- 
0.050 0.019 0.312 272.7 4.76 0.0047 2.95 -- -- -- 
0.050 0.020 0.313 261.4 4.76 0.0058 3.39 -- -- -- 
0.050 0.021 0.310 246.3 4.60 0.0047 3.39 -- -- -- 
0.050 0.022 0.302 222.0 4.31 0.0050 3.39 -- -- -- 
0.050 0.023 0.277 198.2 4.18 0.0055 3.49 44.8 2.71 61.4 
0.050 0.024 0.272 173.8 4.06 0.0061 3.84 40.0 2.75 63.3 
0.050 0.025 0.255 149.1 3.63 0.0063 3.65 34.2 2.72 62.2 
0.050 0.027 0.203 106.6 3.83 0.0077 4.61 24.5 2.73 62.6 
0.050 0.029 0.174 83.0 3.73 0.0106 5.41 18.2 2.79 61.2 
0.050 0.031 0.124 48.1 3.45 0.0121 5.24 10.2 2.76 58.4 
0.050 0.034 0.076 25.6 3.37 0.0107 6.33 4.53 2.76 48.9 
0.050 0.037 0.052 15.6 4.76 0.0106 8.32 2.60 2.66 44.5 
0.050 0.040 0.033 10.0 3.83 0.0096 9.84 1.28 2.84 36.4 
0.050 0.050 0.016 4.3 -0.84 0.0039 2.58 0.21 19.4 94.9 
0.050 0.060 0.014 4.1 -0.98 0.0045 2.71 0.19 19.1 87.6 
0.050 0.080 0.014 4.1 -0.69 0.0039 1.07 0.17 22.3 91.0 
0.050 0.100 0.012 4.3 -0.69 0.0031 0.29 0.06 64.2 82.5 
0.050 0.120 0.012 4.1 -0.69 0.0029 0.63 0.11 33.4 91.3 
0.050 0.140 0.012 3.9 0.12 0.0033 0.03 0.16 2.14 8.57 
0.050 0.160 0.010 3.5 -0.69 0.0035 0.63 0.06 41.2 66.0 
0.070 0.005 0.190 194.7 5.11 0.0178 7.08 39.8 2.98 60.9 
0.070 0.007 0.185 203.5 5.11 0.0123 4.53 41.5 2.83 57.7 
0.070 0.009 0.216 232.8 5.11 0.0118 4.28 49.6 2.79 59.4 
0.070 0.011 0.226 262.3 4.93 0.0097 2.91 57.2 2.70 58.8 
0.070 0.013 0.238 277.1 4.93 0.0066 2.41 60.7 2.65 57.9 
0.070 0.015 0.266 292.0 4.76 0.0056 2.31 65.1 2.65 59.2 
0.070 0.017 0.289 309.9 4.76 0.0032 2.61 70.3 2.68 60.8 
0.070 0.019 0.296 300.5 4.31 0.0027 2.29 69.6 2.66 61.5 
0.070 0.021 0.305 266.7 4.06 0.0033 2.83 -- -- -- 
0.070 0.023 0.303 235.3 3.94 0.0041 3.51 -- -- -- 
0.070 0.025 0.262 191.0 3.73 0.0041 3.27 43.8 2.72 62.3 
F-16 
0.070 0.027 0.241 153.9 3.45 0.0051 3.67 35.0 2.75 62.5 
0.070 0.029 0.200 111.6 3.21 0.0056 3.91 24.9 2.71 60.6 
 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.118 145.0 5.52 0.0151 4.82 27.8 2.88 55.3 
0.100 0.005 0.178 199.4 5.31 0.0143 4.06 41.0 2.87 59.0 
0.100 0.007 0.208 235.0 5.11 0.0120 3.57 49.4 2.82 59.3 
0.100 0.009 0.219 256.4 5.11 0.0114 2.89 54.9 2.77 59.4 
0.100 0.010 0.230 266.7 5.11 0.0105 2.80 58.1 2.75 59.9 
0.100 0.011 0.243 286.1 5.11 0.0092 2.50 62.8 2.72 59.6 
0.100 0.012 0.243 288.6 5.11 0.0081 2.27 63.7 2.69 59.4 
0.100 0.013 0.258 293.4 4.93 0.0078 2.43 65.2 2.71 60.2 
0.100 0.014 0.256 306.4 4.93 0.0063 2.06 68.0 2.68 59.5 
0.100 0.015 0.260 315.6 4.93 0.0054 1.85 71.7 2.64 59.9 
0.100 0.016 0.291 325.3 4.93 0.0048 2.16 74.5 2.69 61.6 
0.100 0.017 0.282 324.2 4.76 0.0031 2.07 73.6 2.67 60.7 
0.100 0.018 0.307 321.3 4.76 0.0031 2.32 -- -- -- 
0.100 0.019 0.297 320.7 4.60 0.0029 2.07 73.6 2.68 61.6 
0.100 0.020 0.308 321.3 4.60 0.0029 2.33 -- -- -- 
0.100 0.021 0.313 305.1 4.60 0.0033 2.70 -- -- -- 
0.100 0.022 0.310 309.2 4.31 0.0029 2.39 -- -- -- 
0.100 0.023 0.327 300.1 4.31 0.0032 2.77 -- -- -- 
0.100 0.024 0.317 276.5 4.06 0.0034 2.87 -- -- -- 
0.100 0.025 0.318 272.4 4.18 0.0036 3.02 -- -- -- 
0.100 0.026 0.308 247.4 4.18 0.0041 3.49 -- -- -- 
0.100 0.027 0.298 221.3 3.45 0.0042 3.00 51.7 2.73 63.9 
0.100 0.029 0.278 191.6 3.37 0.0049 3.37 44.2 2.81 64.8 
0.100 0.031 0.241 152.2 3.21 0.0055 3.67 34.3 2.80 63.0 
0.100 0.033 0.212 118.2 3.14 0.0071 4.03 26.5 2.81 63.1 
0.100 0.035 0.167 81.9 2.88 0.0078 4.17 17.8 2.75 59.8 
0.100 0.037 0.153 67.7 3.14 0.0095 5.25 14.0 2.79 57.9 
0.100 0.040 0.090 41.8 2.60 0.0074 3.82 7.71 2.54 46.9 
0.100 0.045 0.047 18.5 2.19 0.0083 3.91 3.00 2.48 40.2 
0.100 0.050 0.026 9.42 2.30 0.0079 5.41 1.38 2.37 34.7 
0.100 0.060 0.010 2.9 -0.69 0.0037 0.42 0.07 38.7 89.6 
0.100 0.080 0.006 2.0 -1.79 0.0040 0.57 0.06 34.2 93.4 
0.100 0.100 0.006 1.8 -0.69 0.0033 0.35 0.02 22.0 27.0 
0.100 0.120 0.004 1.7 -0.85 0.0031 0.53 -- -- -- 
0.130 0.004 0.095 178.2 4.76 0.0052 1.98 32.4 2.48 45.2 
0.130 0.006 0.142 229.6 4.76 0.0059 2.15 45.7 2.52 50.2 
0.130 0.008 0.144 245.3 4.76 0.0025 1.66 48.9 2.51 49.9 
0.130 0.010 0.176 274.4 4.60 0.0026 1.93 56.4 2.53 52.0 
0.130 0.012 0.192 285.5 4.45 0.0024 1.86 59.7 2.54 53.0 
0.130 0.014 0.208 299.2 4.18 0.0027 2.26 63.8 2.57 54.9 
0.130 0.016 0.233 305.5 4.31 0.0025 1.95 66.9 2.60 57.0 
0.130 0.018 0.238 305.4 4.31 0.0025 2.01 67.1 2.60 57.2 
0.130 0.020 0.247 287.1 4.18 0.0027 2.26 63.1 2.63 57.8 
0.130 0.022 0.257 276.5 3.94 0.0029 2.47 61.9 2.64 59.1 
F-17 
0.130 0.024 0.247 251.4 3.73 0.0031 2.49 55.0 2.67 58.3 
0.130 0.026 0.241 228.0 3.45 0.0036 2.66 49.1 2.67 57.5 
0.130 0.028 0.239 201.1 3.14 0.0039 2.68 44.1 2.67 58.5 
0.130 0.030 0.219 174.5 3.07 0.0041 2.86 37.3 2.67 57.2 
 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.160 0.003 0.064 145.4 4.93 0.0038 1.52 23.6 2.37 38.4 
0.160 0.004 0.096 190.3 4.93 0.0042 1.75 33.9 2.43 43.3 
0.160 0.006 0.127 227.1 4.93 0.0044 1.72 43.1 2.47 46.9 
0.160 0.008 0.171 283.5 4.76 0.0025 1.55 57.9 2.51 51.2 
0.160 0.009 0.178 286.6 4.93 0.0024 1.62 59.5 2.50 51.9 
0.160 0.010 0.178 286.6 4.93 0.0024 1.62 59.5 2.50 51.9 
0.160 0.011 0.187 303.7 4.76 0.0024 1.54 62.9 2.53 52.4 
0.160 0.012 0.193 294.3 4.76 0.0023 1.59 60.5 2.54 52.2 
0.160 0.013 0.203 307.1 4.76 0.0023 1.70 64.9 2.57 54.3 
0.160 0.014 0.208 316.4 4.60 0.0022 1.53 66.6 2.54 53.4 
0.160 0.015 0.235 319.5 4.45 0.0023 1.75 68.9 2.60 56.0 
0.160 0.016 0.235 319.5 4.45 0.0023 1.75 68.9 2.60 56.0 
0.160 0.017 0.244 321.5 4.31 0.0024 1.84 69.5 2.63 56.8 
0.160 0.018 0.245 318.3 4.31 0.0024 1.89 69.7 2.61 57.2 
0.160 0.019 0.260 320.9 4.45 0.0025 1.99 71.0 2.63 58.3 
0.160 0.020 0.255 319.3 4.18 0.0024 1.84 70.8 2.61 57.9 
0.160 0.021 0.264 314.1 4.18 0.0027 2.10 69.0 2.63 57.7 
0.160 0.022 0.268 309.1 4.06 0.0026 2.01 68.5 2.65 58.7 
0.160 0.023 0.266 289.7 3.83 0.0028 2.10 63.7 2.67 58.7 
0.160 0.024 0.272 290.2 3.94 0.0029 2.35 63.5 2.65 58.1 
0.160 0.025 0.274 279.7 3.83 0.0031 2.48 62.2 2.70 60.2 
0.160 0.026 0.276 268.9 3.73 0.0032 2.46 59.0 2.71 59.4 
0.160 0.028 0.267 247.5 3.45 0.0034 2.42 54.2 2.68 58.7 
0.160 0.030 0.258 224.6 3.21 0.0037 2.50 49.1 2.69 58.8 
0.160 0.032 0.247 197.6 3.07 0.0042 2.79 42.4 2.71 58.2 
0.160 0.034 0.227 164.6 2.82 0.0047 2.73 35.4 2.69 57.9 
0.160 0.036 0.209 141.0 2.71 0.0048 3.03 29.4 2.68 55.8 
0.160 0.039 0.184 106.3 2.51 0.0062 3.13 21.8 2.67 54.8 
0.160 0.044 0.124 61.0 2.65 0.0086 4.51 11.4 2.60 48.8 
0.160 0.049 0.062 28.3 2.26 0.0087 4.22 4.78 2.43 41.0 
0.160 0.059 0.020 6.7 -9.20 0.0078 -- 0.77 8.35 95.7 
0.160 0.079 0.002 0.7 -0.97 0.0034 0.37 -- -- -- 
0.160 0.099 0.001 0.5 -0.69 0.0023 0.16 0.03 7.00 51.2 
 
F-18 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.200 0.006 0.101 220.0 4.60 0.0019 1.30 37.7 2.39 41.0 
0.200 0.008 0.132 256.2 4.60 0.0020 1.42 47.6 2.42 45.1 
0.200 0.010 0.150 279.9 4.60 0.0020 1.49 53.4 2.48 47.3 
0.200 0.012 0.172 300.3 4.45 0.0020 1.50 59.5 2.49 49.4 
0.200 0.014 0.193 311.4 4.45 0.0020 1.56 62.8 2.50 50.5 
0.200 0.016 0.200 308.7 4.18 0.0021 1.52 63.0 2.53 51.7 
0.200 0.018 0.221 309.0 4.06 0.0023 1.68 64.4 2.56 53.4 
0.200 0.020 0.234 310.4 3.94 0.0024 1.73 66.0 2.59 55.0 
0.200 0.022 0.233 302.6 3.94 0.0025 1.89 64.1 2.57 54.5 
0.200 0.024 0.236 288.4 3.73 0.0025 1.84 61.1 2.59 55.0 
0.200 0.026 0.248 287.7 3.73 0.0027 2.01 61.7 2.60 55.7 
0.200 0.028 0.244 255.3 3.45 0.0029 2.29 55.5 2.59 56.3 
0.200 0.030 0.244 238.4 3.21 0.0033 2.18 50.6 2.62 55.7 
0.200 0.032 0.241 213.4 3.14 0.0035 2.44 45.3 2.64 55.9 
0.240 0.003 0.022 77.7 4.18 0.0010 1.12 6.79 2.19 19.1 
0.240 0.003 0.053 146.5 4.18 0.0015 1.29 18.4 2.30 28.9 
0.240 0.005 0.079 193.1 4.18 0.0017 1.36 28.8 2.35 35.0 
0.240 0.007 0.097 217.1 3.94 0.0017 1.23 34.8 2.37 38.1 
0.240 0.009 0.115 241.0 4.06 0.0017 1.32 40.3 2.39 40.0 
0.240 0.011 0.130 258.1 4.06 0.0019 1.43 44.7 2.42 41.9 
0.240 0.013 0.148 262.7 3.73 0.0019 1.42 47.2 2.45 44.0 
0.240 0.015 0.169 277.5 3.73 0.0021 1.56 51.8 2.46 45.9 
0.240 0.017 0.171 270.8 3.63 0.0022 1.66 49.7 2.47 45.4 
0.240 0.019 0.184 275.0 3.54 0.0022 1.69 52.3 2.51 47.6 
0.240 0.021 0.187 263.9 3.37 0.0023 1.63 50.1 2.48 47.1 
0.240 0.023 0.199 258.0 3.37 0.0024 1.75 49.8 2.52 48.6 
0.240 0.025 0.198 252.0 3.29 0.0025 1.79 49.2 2.50 48.9 
0.240 0.027 0.188 228.2 3.29 0.0027 1.95 44.1 2.52 48.7 
0.240 0.029 0.204 227.5 3.14 0.0029 1.88 44.4 2.52 49.2 
0.240 0.031 0.196 209.6 3.00 0.0031 2.12 40.5 2.54 49.0 
0.240 0.033 0.192 192.3 2.71 0.0032 2.01 37.0 2.52 48.4 
0.240 0.035 0.185 176.1 2.71 0.0035 2.04 33.8 2.51 48.1 
0.240 0.037 0.176 157.0 2.56 0.0035 2.09 30.1 2.53 48.5 
0.240 0.039 0.177 145.1 2.38 0.0043 2.21 27.0 2.51 46.7 
0.240 0.042 0.163 126.3 2.30 0.0044 2.12 23.4 2.51 46.6 
0.240 0.045 0.161 103.6 2.26 0.0059 2.85 18.7 2.50 45.2 
0.240 0.048 0.125 78.0 2.26 0.0059 3.40 13.5 2.51 43.6 
0.240 0.053 0.099 50.5 1.94 0.0075 3.63 8.18 2.48 40.1 
0.240 0.058 0.073 28.6 1.94 0.0102 4.27 4.06 2.39 33.9 
0.240 0.068 0.035 10.7 1.70 0.0119 4.89 1.43 2.36 31.6 
0.240 0.078 0.008 2.7 -1.14 0.0062 2.16 0.17 15.9 97.5 
0.240 0.098 0.003 1.0 -0.69 0.0042 0.88 0.01 26.0 28.6 
0.240 0.158 0.001 0.3 -0.69 0.0016 0.24 -- -- -- 
 
F-19 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.300 -0.015 0.005 4.5 1.23 0.0022 1.10 0.42 2.32 21.5 
0.300 -0.013 0.010 8.4 1.25 0.0031 0.82 0.81 2.14 20.7 
0.300 -0.011 0.011 11.2 1.37 0.0023 0.93 1.24 2.18 24.3 
0.300 -0.009 0.016 17.7 2.06 0.0021 1.37 1.82 2.24 23.1 
0.300 -0.007 0.018 23.1 2.16 0.0021 1.34 2.28 2.19 21.6 
0.300 -0.005 0.020 30.6 2.12 0.0016 1.17 3.20 2.19 22.9 
0.300 -0.003 0.025 39.6 2.23 0.0016 1.12 4.12 2.20 22.9 
0.300 -0.002 0.024 44.2 2.76 0.0014 1.18 4.04 2.18 19.9 
0.300 -0.001 0.027 51.1 2.56 0.0014 0.94 5.31 2.17 22.6 
0.300 0.001 0.025 57.3 2.82 0.0012 1.21 4.94 2.16 18.7 
0.300 0.003 0.029 71.9 2.88 0.0010 1.09 5.91 2.17 17.9 
0.300 0.005 0.036 96.7 3.14 0.0010 1.06 9.26 2.15 20.6 
0.300 0.007 0.044 116.6 3.37 0.0011 1.01 12.2 2.19 23.0 
0.300 0.009 0.054 143.3 3.63 0.0011 1.09 16.4 2.24 25.7 
0.300 0.011 0.068 172.3 3.54 0.0011 0.96 21.2 2.26 27.9 
0.300 0.013 0.087 203.7 3.63 0.0012 1.08 26.9 2.31 30.5 
0.300 0.015 0.106 225.5 3.54 0.0015 1.13 32.5 2.35 33.8 
0.300 0.017 0.118 232.5 3.54 0.0015 1.15 36.5 2.32 36.4 
0.300 0.019 0.134 247.9 3.45 0.0018 1.09 40.3 2.38 38.7 
0.300 0.021 0.149 244.4 3.21 0.0021 1.24 39.9 2.38 38.9 
0.300 0.023 0.152 240.5 3.29 0.0019 1.24 40.9 2.41 41.0 
0.300 0.025 0.168 241.0 3.29 0.0022 1.48 42.0 2.43 42.3 
0.300 0.027 0.164 227.3 3.14 0.0023 1.43 39.6 2.41 42.0 
0.300 0.029 0.164 213.8 2.94 0.0023 1.45 36.3 2.41 41.1 
0.300 0.031 0.176 213.0 3.00 0.0024 1.55 37.4 2.42 42.5 
0.300 0.033 0.177 195.7 2.82 0.0028 1.69 34.8 2.46 43.7 
0.300 0.035 0.174 185.9 2.76 0.0028 1.70 32.9 2.42 42.8 
0.300 0.037 0.173 174.6 2.65 0.0032 1.71 30.7 2.47 43.4 
0.300 0.039 0.178 164.3 2.65 0.0034 1.96 29.3 2.44 43.5 
0.300 0.042 0.168 142.2 2.38 0.0041 1.89 24.7 2.47 42.9 
0.300 0.045 0.156 119.9 2.38 0.0044 2.31 20.9 2.41 42.1 
0.300 0.048 0.146 103.4 2.19 0.0051 2.34 17.7 2.43 41.7 
0.300 0.053 0.128 79.3 2.19 0.0057 2.80 13.3 2.40 40.2 
0.300 0.058 0.105 53.0 1.79 0.0074 2.35 8.21 2.40 37.2 
0.300 0.068 0.066 24.1 2.03 0.0104 4.76 3.31 2.37 32.6 
0.300 0.078 0.034 9.4 1.50 0.0113 3.24 0.98 2.27 23.8 
0.300 0.098 0.006 2.4 -0.75 0.0045 1.13 0.14 16.1 96.8 
0.300 0.158 0.001 0.8 -0.84 0.0015 0.14 -- -- -- 
 
F-20 
 
Discharge, Qw (m3/s) 0.0188 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 5.55 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.350 -0.016 0.026 26.8 1.92 0.0030 1.88 3.11 2.30 26.7 
0.350 -0.014 0.030 30.4 1.70 0.0031 1.50 3.50 2.27 26.2 
0.350 -0.012 0.030 34.7 1.82 0.0025 1.20 3.97 2.29 26.2 
0.350 -0.010 0.034 42.2 2.06 0.0023 1.60 4.99 2.26 26.7 
0.350 -0.008 0.041 50.5 2.03 0.0026 1.34 6.23 2.27 28.1 
0.350 -0.006 0.043 58.6 2.16 0.0021 1.51 7.26 2.25 27.9 
0.350 -0.004 0.044 66.3 2.30 0.0021 1.39 7.43 2.25 25.2 
0.350 -0.002 0.048 77.2 2.60 0.0019 1.34 8.94 2.27 26.3 
0.350 0.000 0.045 78.4 2.56 0.0017 1.24 8.68 2.25 24.9 
0.350 0.002 0.050 93.6 2.60 0.0016 1.23 10.6 2.25 25.5 
0.350 0.004 0.049 100.2 2.82 0.0014 1.19 11.3 2.22 25.0 
0.350 0.006 0.057 114.1 2.88 0.0014 1.18 13.5 2.24 26.6 
0.350 0.008 0.056 120.6 2.88 0.0013 1.10 14.1 2.23 0.34 
0.350 0.010 0.063 136.6 3.07 0.0013 1.05 16.7 2.27 27.6 
0.350 0.012 0.066 151.4 3.21 0.0012 1.03 18.3 2.28 27.5 
0.350 0.014 0.070 156.7 3.14 0.0012 0.99 19.6 2.24 28.0 
0.350 0.016 0.080 175.9 3.29 0.0012 1.06 23.2 2.28 30.2 
0.350 0.018 0.089 183.1 3.07 0.0013 0.93 24.9 2.29 31.1 
0.350 0.020 0.097 197.5 3.14 0.0013 0.98 28.3 2.30 32.9 
0.350 0.022 0.109 204.5 3.21 0.0014 1.19 30.1 2.30 34.0 
0.350 0.024 0.114 213.1 3.21 0.0014 1.14 32.6 2.33 35.7 
0.350 0.026 0.121 214.2 3.07 0.0015 1.06 32.8 2.35 35.9 
0.350 0.028 0.132 211.8 2.88 0.0018 1.21 34.2 2.35 38.0 
0.350 0.030 0.138 217.2 2.94 0.0018 1.18 35.8 2.36 39.0 
0.350 0.032 0.144 207.7 2.76 0.0019 1.22 35.3 2.37 40.2 
0.350 0.034 0.150 208.4 2.82 0.0019 1.33 34.5 2.39 39.7 
0.350 0.036 0.152 200.6 2.65 0.0024 1.38 33.6 2.41 40.4 
0.350 0.038 0.155 193.4 2.71 0.0024 1.58 33.5 2.40 41.6 
0.350 0.040 0.161 183.6 2.42 0.0027 1.44 31.6 2.43 41.9 
0.350 0.042 0.159 173.4 2.51 0.0026 1.62 28.9 2.45 40.8 
0.350 0.044 0.156 153.1 2.19 0.0032 1.50 25.9 2.44 41.4 
0.350 0.047 0.160 140.9 2.16 0.0042 1.80 24.2 2.46 42.3 
0.350 0.050 0.147 121.5 2.19 0.0041 2.01 19.8 2.46 40.1 
0.350 0.053 0.148 103.9 2.12 0.0046 2.10 18.7 2.43 42.5 
0.350 0.057 0.137 91.8 1.94 0.0056 2.23 16.1 2.43 42.5 
0.350 0.062 0.129 67.3 2.16 0.0074 3.67 10.9 2.46 39.7 
0.350 0.067 0.104 48.3 1.37 0.0085 2.62 7.78 2.44 39.3 
0.350 0.077 0.070 27.2 1.86 0.0094 4.23 3.93 2.31 33.4 
0.350 0.097 0.019 6.6 -0.85 0.0075 3.08 0.51 12.4 95.3 
0.350 0.127 0.005 2.1 0.61 0.0034 0.27 0.04 2.00 4.35 
0.350 0.157 0.002 1.1 -0.73 0.0024  0.01 4.00 3.96 
 
F-21 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.020 0.003 0.1208 223.6 7.67 0.0180 6.05 45.2 3.34 67.4 
0.020 0.004 0.1593 266.7 7.67 0.0172 6.19 54.9 3.48 71.5 
0.020 0.005 0.1924 280.6 7.67 0.0194 6.58 56.9 3.58 72.6 
0.020 0.006 0.2164 303.5 7.67 0.0187 6.09 61.8 3.61 73.5 
0.020 0.007 0.2409 320.1 7.67 0.0188 6.17 64.7 3.59 72.7 
0.020 0.008 0.2493 317.5 7.67 0.0161 5.37 65.6 3.48 71.8 
0.020 0.009 0.2711 348.7 7.67 0.0161 4.52 73.3 3.41 71.8 
0.020 0.010 0.3043 353.9 7.67 0.016 4.97 -- -- -- 
0.020 0.011 0.2976 352.3 7.67 0.0137 3.66 76.6 3.19 69.3 
0.020 0.012 0.3263 365.2 7.67 0.0134 3.80 -- -- -- 
0.020 0.013 0.350 364.0 7.26 0.0125 2.96 -- -- -- 
0.020 0.014 0.400 385.6 7.67 0.0098 2.95 -- -- -- 
0.020 0.015 0.432 403.2 7.26 0.0083 2.45 -- -- -- 
0.020 0.016 0.484 397.9 7.26 0.0079 2.31 -- -- -- 
0.020 0.017 0.5596 366.3 7.26 0.0093 2.54 -- -- -- 
0.020 0.018 0.5807 328.5 7.26 0.0121 3.57 -- -- -- 
0.020 0.019 0.5935 297.9 7.67 0.0137 4.68 -- -- -- 
0.020 0.020 0.5315 263.6 7.26 0.0135 6.02 -- -- -- 
0.020 0.021 0.5405 209.0 7.26 0.0150 7.62 -- -- -- 
0.020 0.022 0.510 171.2 7.26 0.0195 10.4 -- -- -- 
0.020 0.023 0.4719 147.8 7.26 0.0175 11.9 -- -- -- 
0.020 0.024 0.4654 124.8 7.26 0.0239 12.3 -- -- -- 
0.020 0.025 0.4074 86.3 7.26 0.0286 16.6 -- -- -- 
0.020 0.027 0.2776 64.8 6.90 0.0229 14.6 15.3 3.05 72.1 
0.020 0.030 0.200 24.8 7.26 0.0308 18.9 5.18 2.97 62.0 
0.020 0.035 0.1328 13.4 8.12 0.0337 30.7 2.31 2.84 48.8 
0.020 0.050 0.1208 8.2 23.0 0.0415 -- 1.21 2.79 41.3 
0.020 0.080 0.1314 7.7 -5.00 0.0464 -- 1.06 6.52 88.8 
0.020 0.110 0.1449 9.2 1.38 0.0369 -- 1.23 2.94 39.5 
0.020 0.160 0.2729 12.5 0.48 0.0617 -- 2.03 2.90 47.3 
0.030 0.005 0.227 319.7 7.67 0.0187 7.12 65.8 3.60 74.2 
0.030 0.007 0.252 326.3 7.26 0.0171 5.81 67.9 3.49 72.6 
0.030 0.009 0.312 351.4 7.26 0.0193 6.69 -- -- -- 
0.030 0.011 0.3361 369.3 7.26 0.0151 4.04 -- -- -- 
0.030 0.013 0.3608 372.3 7.26 0.0120 2.99 -- -- -- 
0.030 0.015 0.389 408.3 7.26 0.0103 2.87 -- -- -- 
0.030 0.017 0.4567 429.7 7.26 0.0074 2.78 -- -- -- 
0.030 0.019 0.5208 360.3 7.26 0.0079 3.42 -- -- -- 
0.030 0.021 0.4857 284.0 6.90 0.0099 5.57 -- -- -- 
0.030 0.023 0.4648 187.7 6.90 0.0131 8.50 -- -- -- 
0.030 0.025 0.370 127.9 6.90 0.0204 12.2 -- -- -- 
0.030 0.027 0.3191 89.0 6.90 0.0269 16.0 -- -- -- 
 
F-22 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.050 0.003 0.159 235.5 7.26 0.0184 7.17 47.2 3.42 68.5 
0.050 0.004 0.187 262.6 7.26 0.0190 7.23 53.3 3.42 69.4 
0.050 0.005 0.204 274.5 7.26 0.0183 6.85 56.3 3.40 69.7 
0.050 0.006 0.257 317.6 7.26 0.0207 8.33 66.0 3.46 71.8 
0.050 0.007 0.283 337.0 7.26 0.0190 7.19 69.9 3.47 71.9 
0.050 0.008 0.280 328.9 7.26 0.0196 6.78 69.4 3.35 70.8 
0.050 0.009 0.275 345.0 7.26 0.0165 5.48 74.2 3.20 68.8 
0.050 0.010 0.316 387.8 7.26 0.0150 4.76 -- -- -- 
0.050 0.011 0.294 388.8 7.26 0.0130 3.97 86.7 3.01 67.2 
0.050 0.012 0.316 393.9 7.26 0.0116 3.71 -- -- -- 
0.050 0.013 0.311 400.9 7.26 0.0122 3.41 -- -- -- 
0.050 0.014 0.344 414.0 7.26 0.0102 3.35 -- -- -- 
0.050 0.015 0.3379 427.2 6.90 0.0078 2.43 -- -- -- 
0.050 0.016 0.3528 448.2 6.90 0.0066 2.49 -- -- -- 
0.050 0.017 0.391 443.1 6.90 0.0061 2.58 -- -- -- 
0.050 0.018 0.392 449.7 6.90 0.0064 2.70 -- -- -- 
0.050 0.019 0.436 409.0 6.90 0.0070 3.16 -- -- -- 
0.050 0.020 0.431 402.2 6.90 0.0054 3.55 -- -- -- 
0.050 0.021 0.402 355.5 6.57 0.0045 4.20 -- -- -- 
0.050 0.022 0.408 321.6 6.57 0.0054 5.09 -- -- -- 
0.050 0.023 0.385 299.6 6.27 0.0076 5.03 -- -- -- 
0.050 0.024 0.363 253.3 6.57 0.0095 6.93 -- -- -- 
0.050 0.025 0.336 213.0 6.57 0.0108 6.88 -- -- -- 
0.050 0.027 0.261 153.8 5.52 0.0095 6.87 36.2 2.93 69.2 
0.050 0.029 0.231 102.8 5.52 0.0125 8.62 24.6 2.91 69.6 
0.050 0.031 0.157 62.7 5.52 0.0142 8.88 13.7 2.90 63.5 
0.050 0.034 0.112 28.7 6.57 0.0158 13.9 5.98 2.80 58.3 
0.050 0.037 0.068 19.5 6.27 0.0140 13.7 3.49 3.01 54.0 
0.050 0.040 0.044 10.3 6.90 0.0122 16.7 1.39 2.70 36.0 
0.050 0.050 0.023 6.4 1.27 0.0092 3.70 0.71 2.73 30.4 
0.050 0.060 0.017 4.5 4.06 0.0049 9.01 0.16 2.21 7.71 
0.050 0.080 0.018 5.1 -1.64 0.0038 0.89 0.22 21.7 94.6 
0.050 0.100 0.018 4.5 0.47 0.0085 4.18 0.12 2.09 5.69 
0.050 0.160 0.014 4.8 -1.73 0.0034 1.70 0.10 39.6 82.2 
0.070 0.003 0.180 280.7 7.26 0.0215 7.37 57.2 3.25 66.1 
0.070 0.005 0.2268 314.3 7.26 0.0209 7.24 65.0 3.34 69.1 
0.070 0.007 0.2808 360.2 7.26 0.0193 6.77 77.3 3.29 70.6 
0.070 0.009 0.289 399.8 7.26 0.0167 4.88 89.1 3.06 68.2 
0.070 0.011 0.300 415.7 7.26 0.0142 3.95 94.7 2.97 67.7 
0.070 0.013 0.295 440.6 6.90 0.0100 2.27 101 2.82 64.7 
0.070 0.015 0.3336 476.4 6.90 0.0084 2.37 -- -- -- 
0.070 0.017 0.3671 498.0 6.90 0.0059 2.33 -- -- -- 
0.070 0.019 0.396 485.0 6.90 0.0048 2.23 -- -- -- 
0.070 0.021 0.3946 463.4 6.57 0.0057 3.01 -- -- -- 
0.070 0.023 0.3961 401.3 6.57 0.0041 3.86 -- -- -- 
0.070 0.025 0.3686 336.4 6.00 0.0047 4.42 -- -- -- 
0.070 0.027 0.324 261.0 6.27 0.0089 6.81 -- -- -- 
F-23 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
  
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.100 0.003 0.124 221.1 7.26 0.0150 5.63 43.0 2.94 57.1 
0.100 0.005 0.196 307.9 6.90 0.0147 4.99 64.1 3.00 62.5 
0.100 0.007 0.223 343.7 6.90 0.0153 4.93 72.4 2.97 62.4 
0.100 0.008 0.245 385.4 6.90 0.0131 4.06 84.2 2.91 63.5 
0.100 0.009 0.239 380.3 6.90 0.0137 4.57 83.2 2.84 62.2 
0.100 0.010 0.246 405.2 6.90 0.0118 3.34 89.6 2.79 61.6 
0.100 0.011 0.249 414.7 6.90 0.0106 2.98 92.3 2.74 61.0 
0.100 0.012 0.281 430.1 6.90 0.0127 3.31 96.5 2.79 62.6 
0.100 0.013 0.282 446.5 6.90 0.0098 2.73 102 2.75 63.1 
0.100 0.014 0.271 457.0 6.57 0.0069 2.20 105 2.68 61.5 
0.100 0.015 0.275 465.3 6.57 0.0064 2.11 107 2.66 61.2 
0.100 0.016 0.295 466.9 6.57 0.0072 2.28 107 2.70 62.1 
0.100 0.017 0.283 470.6 6.57 0.0058 2.21 109 2.65 61.6 
0.100 0.018 0.299 485.5 6.57 0.0044 2.23 114 2.65 62.1 
0.100 0.019 0.311 476.0 6.27 0.0043 2.25 -- -- -- 
0.100 0.020 0.315 478.5 6.27 0.0041 2.39 -- -- -- 
0.100 0.021 0.315 467.0 6.27 0.0034 2.51 -- -- -- 
0.100 0.022 0.332 454.5 6.27 0.0029 2.83 -- -- -- 
0.100 0.023 0.331 437.0 6.00 0.0032 2.85 -- -- -- 
0.100 0.024 0.308 416.3 6.00 0.0029 3.20 -- -- -- 
0.100 0.025 0.303 388.7 5.75 0.0030 3.16 -- -- -- 
0.100 0.026 0.297 359.3 6.00 0.0038 3.89 83.9 2.74 64.1 
0.100 0.027 0.289 324.2 5.11 0.0037 3.75 77.0 2.74 65.0 
0.100 0.029 0.247 269.5 4.31 0.0038 3.45 61.8 2.70 62.0 
0.100 0.031 0.231 217.1 4.60 0.0056 4.53 50.6 2.74 63.8 
0.100 0.033 0.213 172.8 3.94 0.0069 4.68 39.3 2.81 64.0 
0.100 0.035 0.169 132.0 3.94 0.0065 4.71 29.1 2.77 61.1 
0.100 0.037 0.146 101.9 3.63 0.0102 5.39 22.6 2.80 62.0 
0.100 0.040 0.107 57.1 4.76 0.0104 8.33 11.7 2.84 58.3 
0.100 0.045 0.042 18.9 5.11 0.0087 11.3 2.99 2.68 42.4 
0.100 0.050 0.028 12.4 1.48 0.0100 3.90 1.69 3.13 42.4 
0.100 0.060 0.012 4.4 -1.35 0.0048 5.32 0.24 14.2 78.6 
0.100 0.080 0.007 2.2 1.66 0.0045 0.40 0.02 2.00 2.01 
0.100 0.160 0.005 1.9 -1.75 0.0030 2.46 0.02 84.0 96.6 
0.130 0.003 0.105 255.1 6.90 0.0090 2.47 48.4 2.63 49.9 
0.130 0.004 0.163 321.1 6.90 0.0106 3.05 65.2 2.72 55.3 
0.130 0.006 0.205 393.4 6.90 0.0109 3.18 85.8 2.72 59.2 
0.130 0.008 0.227 423.9 6.90 0.0101 2.76 94.2 2.69 59.8 
0.130 0.010 0.236 460.3 6.57 0.0082 2.02 103 2.66 59.4 
0.130 0.012 0.246 481.9 6.57 0.0068 1.83 110 2.63 60.1 
0.130 0.014 0.291 503.5 6.57 0.0065 2.07 117 2.70 62.5 
0.130 0.016 0.279 519.5 6.27 0.0045 1.91 121 2.62 61.2 
0.130 0.018 0.293 528.2 6.00 0.0037 1.91 125 2.63 62.3 
0.130 0.020 0.308 521.0 6.00 0.0023 2.03 -- -- -- 
0.130 0.022 0.311 494.6 5.75 0.0024 2.25 -- -- -- 
0.130 0.024 0.306 474.0 5.75 0.0025 2.63 -- -- -- 
0.130 0.026 0.305 414.0 5.11 0.0030 2.77 -- -- -- 
F-24 
0.130 0.028 0.305 414.0 4.76 0.0033 2.98 88.4 2.73 64.6 
0.130 0.030 0.273 312.8 4.45 0.0040 3.50 73.5 2.75 64.6 
0.130 0.032 0.252 272.4 4.18 0.0044 3.70 62.0 2.76 62.8 
 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
 y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.160 0.003 0.078 205.2 6.90 0.0061 2.16 34.6 2.48 41.7 
0.160 0.004 0.122 282.4 6.57 0.0070 2.40 52.9 2.56 47.9 
0.160 0.006 0.155 325.1 6.57 0.0078 2.46 64.9 2.58 51.4 
0.160 0.007 0.159 346.0 6.57 0.0062 2.33 69.1 2.56 51.2 
0.160 0.008 0.161 374.6 6.57 0.0049 1.76 76.6 2.52 51.5 
0.160 0.009 0.178 382.5 6.57 0.0067 2.10 78.8 2.54 52.4 
0.160 0.010 0.187 398.2 6.57 0.0050 1.88 83.7 2.53 53.2 
0.160 0.011 0.202 432.1 6.27 0.0052 1.67 92.4 2.54 54.4 
0.160 0.012 0.227 451.0 6.27 0.0047 1.82 100 2.59 57.4 
0.160 0.013 0.211 437.5 6.27 0.0039 1.73 95.9 2.54 55.6 
0.160 0.014 0.235 456.0 6.27 0.0048 1.88 101 2.59 57.1 
0.160 0.015 0.234 468.9 6.00 0.0039 1.68 104 2.57 56.9 
0.160 0.016 0.238 466.6 6.00 0.0025 1.78 106 2.56 58.0 
0.160 0.017 0.252 478.9 6.00 0.0032 1.77 109 2.58 58.5 
0.160 0.018 0.243 460.0 5.75 0.0023 1.82 102 2.56 56.7 
0.160 0.019 0.253 458.1 5.75 0.0024 1.91 104 2.58 58.3 
0.160 0.020 0.265 468.1 5.75 0.0023 1.94 106 2.59 58.8 
0.160 0.021 0.262 454.7 5.75 0.0024 2.16 104 2.60 59.2 
0.160 0.022 0.256 449.6 5.52 0.0024 2.06 103 2.58 58.9 
0.160 0.023 0.259 434.5 5.11 0.0024 2.05 98.9 2.60 59.1 
0.160 0.024 0.258 415.5 5.11 0.0025 2.28 93.9 2.61 59.0 
0.160 0.025 0.264 423.5 5.11 0.0024 2.27 96.2 2.63 59.9 
0.160 0.026 0.278 416.5 5.11 0.0025 2.37 95.1 2.64 60.3 
0.160 0.027 0.267 396.1 5.11 0.0027 2.59 90.6 2.65 60.6 
0.160 0.028 0.266 376.5 4.60 0.0029 2.60 85.5 2.66 60.5 
0.160 0.030 0.249 332.8 4.60 0.0031 3.02 74.3 2.67 59.7 
0.160 0.032 0.248 296.9 4.18 0.0037 3.12 67.2 2.69 60.8 
0.160 0.034 0.224 253.2 4.18 0.0038 3.43 55.6 2.69 59.0 
0.160 0.036 0.206 215.4 3.83 0.0046 3.57 47.7 2.64 58.4 
0.160 0.039 0.179 155.9 3.14 0.0054 3.53 34.1 2.69 58.8 
0.160 0.042 0.142 116.7 3.07 0.0066 4.05 24.5 2.63 55.4 
0.160 0.045 0.110 74.3 2.82 0.0074 4.23 15.2 2.66 54.5 
0.160 0.049 0.081 46.6 2.82 0.0089 5.02 9.30 2.60 51.8 
0.160 0.059 0.030 12.4 3.37 0.0085 6.60 1.63 2.60 34.2 
0.160 0.079 0.005 1.9 0.54 0.0039 0.60 0.08 2.71 11.2 
0.160 0.099 0.001 0.6 0.11 0.0018 0.01 -- -- -- 
0.200 0.006 0.131 377.0 6.27 0.0042 1.46 71.2 2.46 46.6 
0.200 0.008 0.152 419.9 6.00 0.0038 1.42 83.0 2.44 48.3 
0.200 0.010 0.182 462.7 6.27 0.0034 1.46 97.3 2.49 52.4 
0.200 0.012 0.191 479.5 6.00 0.0030 1.48 99.8 2.49 51.7 
0.200 0.014 0.207 495.6 6.00 0.0019 1.48 108 2.49 54.2 
0.200 0.016 0.231 513.8 5.75 0.0022 1.59 113 2.54 55.8 
0.200 0.018 0.239 518.5 5.52 0.0020 1.54 114 2.55 56.2 
F-25 
0.200 0.020 0.247 509.6 5.52 0.0020 1.63 114 2.56 57.1 
0.200 0.022 0.253 496.9 5.31 0.0021 1.71 111 2.57 57.6 
0.200 0.024 0.243 464.5 4.93 0.0021 1.79 102 2.57 56.3 
0.200 0.026 0.257 457.4 4.93 0.0023 2.04 103 2.59 58.5 
0.200 0.028 0.263 430.4 4.60 0.0025 2.12 96.4 2.62 58.7 
0.200 0.030 0.257 405.2 4.45 0.0026 2.24 90.7 2.61 58.5 
0.200 0.032 0.252 368.6 4.18 0.0028 2.30 82.5 2.64 59.0 
0.200 0.034 0.248 338.0 3.94 0.0033 2.42 75.1 2.66 59.1 
0.200 0.036 0.239 306.0 3.94 0.0034 2.91 68.1 2.66 59.2 
 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.240 0.003 0.041 189.9 6.27 0.0014 1.33 23.9 2.25 28.3 
0.240 0.003 0.061 257.5 6.27 0.0014 1.18 38.0 2.29 33.8 
0.240 0.005 0.097 343.0 6.27 0.0016 1.17 58.9 2.33 40.1 
0.240 0.007 0.118 382.1 6.00 0.0016 1.15 68.3 2.38 42.6 
0.240 0.009 0.144 420.1 6.00 0.0018 1.28 80.0 2.40 45.7 
0.240 0.011 0.154 424.8 5.75 0.0016 1.26 82.4 2.40 46.5 
0.240 0.013 0.169 447.2 6.00 0.0017 1.41 89.4 2.44 48.7 
0.240 0.015 0.176 442.0 5.75 0.0016 1.42 88.4 2.45 49.0 
0.240 0.017 0.186 444.8 5.52 0.0016 1.52 90.8 2.45 50.0 
0.240 0.019 0.202 452.1 5.31 0.0019 1.48 92.9 2.48 51.0 
0.240 0.021 0.215 452.6 5.31 0.0018 1.61 94.9 2.49 52.2 
0.240 0.023 0.199 424.4 4.93 0.0019 1.65 85.1 2.48 49.7 
0.240 0.025 0.224 432.0 4.76 0.0020 1.67 90.3 2.51 52.6 
0.240 0.027 0.227 409.9 4.60 0.0023 1.79 86.3 2.55 53.7 
0.240 0.029 0.219 370.6 4.45 0.0026 1.93 78.5 2.54 53.8 
0.240 0.031 0.217 358.8 4.18 0.0025 1.93 74.3 2.53 52.4 
0.240 0.033 0.214 324.8 4.18 0.0028 2.26 69.3 2.53 53.9 
0.240 0.035 0.201 298.5 3.73 0.0029 2.17 61.0 2.54 52.0 
0.240 0.037 0.197 265.9 3.73 0.0034 2.40 54.1 2.56 52.1 
0.240 0.039 0.183 241.8 3.54 0.0033 2.31 48.2 2.55 50.7 
0.240 0.042 0.185 206.5 3.29 0.0042 2.83 41.6 2.60 52.4 
0.240 0.045 0.163 160.1 3.14 0.0052 3.13 32.5 2.55 51.7 
0.240 0.048 0.142 130.2 2.88 0.0051 3.09 25.1 2.56 49.2 
0.240 0.053 0.107 80.3 2.51 0.0068 3.70 14.7 2.52 46.2 
0.240 0.058 0.084 52.7 1.97 0.0075 3.67 9.26 2.46 43.2 
0.240 0.068 0.013 5.1 -1.05 0.0084 2.58 0.42 11.8 96.8 
0.240 0.078 0.013 5.1 -1.05 0.0084 2.58 0.42 11.8 96.8 
0.240 0.098 0.003 1.7 -0.87 0.0021 1.26 0.04 32.3 82.2 
0.240 0.158 0.001 0.5 -2.42 0.0020  0.01 16.0 33.3 
 
F-26 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.300 -0.015 0.010 10.7 2.34 0.0026 1.53 1.59 2.20 32.8 
0.300 -0.013 0.013 16.4 2.38 0.0021 1.53 2.17 2.26 29.9 
0.300 -0.011 0.017 25.5 2.42 0.0019 1.18 3.63 2.23 31.8 
0.300 -0.009 0.024 38.0 2.56 0.0018 1.25 5.14 2.29 31.1 
0.300 -0.007 0.029 53.9 2.51 0.0016 1.12 7.20 2.26 30.2 
0.300 -0.005 0.028 62.8 3.54 0.0014 1.37 8.16 2.27 29.4 
0.300 -0.003 0.033 84.0 3.45 0.0011 1.24 10.5 2.25 28.3 
0.300 -0.001 0.037 112.2 3.94 0.0010 1.16 14.3 2.23 28.4 
0.300 0.001 0.039 130.2 4.18 0.0012 1.19 15.7 2.24 27.1 
0.300 0.003 0.040 156.5 4.31 0.0011 1.17 18.6 2.21 26.3 
0.300 0.005 0.046 193.6 4.93 0.0009 1.09 23.3 2.22 26.6 
0.300 0.007 0.059 245.4 5.11 0.0013 1.07 32.2 2.22 29.2 
0.300 0.009 0.070 289.7 5.31 0.0009 1.01 42.0 2.24 32.5 
0.300 0.011 0.087 339.2 5.31 0.0009 1.04 51.8 2.27 34.7 
0.300 0.013 0.105 386.5 5.52 0.0010 1.07 62.8 2.32 37.7 
0.300 0.015 0.120 405.0 5.31 0.0011 1.06 69.9 2.32 40.1 
0.300 0.017 0.140 423.4 5.11 0.0013 1.14 76.5 2.36 42.7 
0.300 0.019 0.155 430.0 4.93 0.0014 1.24 79.1 2.40 44.2 
0.300 0.021 0.168 436.4 4.93 0.0015 1.30 83.4 2.42 46.2 
0.300 0.023 0.165 413.9 4.76 0.0015 1.32 77.4 2.43 45.4 
0.300 0.025 0.175 406.8 4.60 0.0017 1.41 77.4 2.44 46.3 
0.300 0.027 0.182 398.1 4.31 0.0018 1.34 76.3 2.46 47.2 
0.300 0.029 0.197 394.0 4.31 0.0020 1.48 77.4 2.48 48.8 
0.300 0.031 0.189 365.7 4.06 0.0020 1.48 69.7 2.47 47.1 
0.300 0.033 0.190 346.6 3.94 0.0023 1.64 66.2 2.49 47.6 
0.300 0.035 0.193 329.1 3.83 0.0024 1.66 64.9 2.48 48.9 
0.300 0.037 0.189 308.5 3.63 0.0024 1.68 59.6 2.47 47.8 
0.300 0.039 0.189 290.2 3.73 0.0026 2.01 56.3 2.51 48.6 
0.300 0.041 0.179 267.5 3.54 0.0028 1.94 51.2 2.49 47.7 
0.300 0.043 0.173 246.0 3.29 0.0031 1.92 46.2 2.49 46.8 
0.300 0.045 0.172 220.3 3.07 0.0034 2.21 41.2 2.50 46.8 
0.300 0.048 0.160 193.1 2.88 0.0035 2.23 35.6 2.53 46.5 
0.300 0.053 0.140 139.1 2.71 0.0051 2.56 25.4 2.51 45.7 
0.300 0.058 0.119 100.3 2.56 0.0054 3.18 17.0 2.47 41.9 
0.300 0.068 0.069 38.2 2.26 0.0077 4.82 6.13 2.46 39.5 
0.300 0.078 0.031 13.3 2.16 0.0096 4.42 1.92 2.39 34.4 
0.300 0.098 0.005 2.0 -1.08 0.0046 1.63 0.12 16.0 97.8 
0.300 0.158 0.001 0.5 -0.76 0.0013  0.18 -- -- -- 
 
F-27 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.350 -0.016 0.036 57.1 2.34 0.0021 1.30 7.70 2.32 31.2 
0.350 -0.014 0.040 65.3 2.51 0.0023 1.82 8.52 2.36 30.7 
0.350 -0.012 0.040 74.5 3.21 0.0019 2.06 9.49 2.33 29.6 
0.350 -0.010 0.045 86.8 2.94 0.0018 1.39 11.8 2.28 31.1 
0.350 -0.008 0.049 103.7 3.14 0.0017 1.47 14.1 2.29 31.2 
0.350 -0.006 0.053 117.7 3.29 0.0016 1.45 16.1 2.30 31.5 
0.350 -0.004 0.053 128.9 3.37 0.0014 1.43 17.3 2.30 30.9 
0.350 -0.002 0.055 145.3 3.63 0.0013 1.25 19.6 2.26 30.4 
0.350 0.000 0.056 160.8 3.54 0.0016 1.15 21.1 2.26 29.7 
0.350 0.002 0.062 177.8 4.06 0.0012 1.30 24.5 2.26 31.2 
0.350 0.004 0.059 197.1 4.06 0.001 1.02 26.0 2.25 29.7 
0.350 0.006 0.058 202.3 4.45 0.0009 1.09 26.2 2.22 28.7 
0.350 0.008 0.066 227.4 4.31 0.0012 1.09 31.0 2.24 30.5 
0.350 0.010 0.071 248.2 4.60 0.0009 1.04 34.3 2.25 31.0 
0.350 0.012 0.076 266.0 4.60 0.0010 1.02 37.1 2.25 31.3 
0.350 0.014 0.086 295.4 4.60 0.0009 1.01 42.1 2.28 32.4 
0.350 0.016 0.094 312.5 4.76 0.0010 1.15 48.0 2.28 35.0 
0.350 0.018 0.100 332.7 4.60 0.0010 1.03 51.8 2.30 35.8 
0.350 0.020 0.110 341.4 4.60 0.0010 1.12 55.4 2.31 37.5 
0.350 0.022 0.117 342.2 4.60 0.0012 1.15 55.5 2.32 37.7 
0.350 0.024 0.128 363.2 4.45 0.0011 1.06 61.8 2.33 39.7 
0.350 0.026 0.139 361.8 4.31 0.0013 1.17 62.1 2.37 40.7 
0.350 0.028 0.145 366.4 4.31 0.0014 1.20 65.0 2.37 42.0 
0.350 0.030 0.153 364.1 4.18 0.0015 1.32 64.5 2.39 42.3 
0.350 0.032 0.149 346.8 4.18 0.0015 1.35 60.8 2.39 41.9 
0.350 0.034 0.164 348.4 3.94 0.0016 1.31 63.5 2.42 44.2 
0.350 0.036 0.163 328.9 3.83 0.0019 1.43 60.0 2.42 44.1 
0.350 0.038 0.160 300.0 3.63 0.0020 1.52 54.6 2.42 44.1 
0.350 0.040 0.160 293.6 3.63 0.0022 1.48 52.3 2.43 43.3 
0.350 0.042 0.160 264.8 3.45 0.0029 1.74 48.1 2.42 44.0 
0.350 0.044 0.161 255.4 3.29 0.0027 1.80 46.1 2.45 44.2 
0.350 0.046 0.149 222.9 3.14 0.0028 1.81 39.3 2.45 43.2 
0.350 0.048 0.157 218.9 3.07 0.0030 2.03 39.3 2.45 44.0 
0.350 0.051 0.150 190.2 3.00 0.0032 2.13 33.3 2.48 43.4 
0.350 0.054 0.145 160.9 2.65 0.0040 2.29 29.2 2.45 44.5 
0.350 0.057 0.124 137.3 2.65 0.0040 2.33 23.4 2.43 41.4 
0.350 0.062 0.111 94.8 2.42 0.0054 2.95 16.2 2.45 42.0 
0.350 0.067 0.098 73.8 2.00 0.0065 2.79 11.7 2.44 38.6 
0.350 0.077 0.048 26.3 2.00 0.0082 4.35 3.62 2.44 33.5 
0.350 0.097 0.013 5.8 -4.45 0.0062 0.00 0.44 12.7 96.9 
0.350 0.157 0.001 0.6 0.13 0.0018 0.03 -- -- -- 
 
F-28 
 
Discharge, Qw (m3/s) 0.0283 
Impact velocity at 0.1 m downstream of nozzle, V1(x = 0.1 m) (m/s) 7.43 
Equivalent clear water depth, d1 (m) 0.0127 
 
x y C Fab V Txx Tu Fclu Nclu Pclu 
(m) (m) (-) (Hz) (m/s) (s) (-) (Hz) (-) (%) 
0.430 -0.017 0.056 99.0 2.38 0.0024 1.55 12.5 2.32 29.4 
0.430 -0.014 0.060 107.3 2.65 0.0024 1.54 13.4 2.29 28.7 
0.430 -0.011 0.063 122.6 2.51 0.0021 1.39 15.5 2.29 28.8 
0.430 -0.008 0.065 135.8 2.71 0.0020 1.33 17.2 2.29 29.0 
0.430 -0.005 0.063 143.8 3.21 0.0019 1.37 18.0 2.28 28.4 
0.430 -0.002 0.064 154.6 3.21 0.0017 1.38 19.5 2.28 28.8 
0.430 0.001 0.066 169.3 3.45 0.0017 1.42 22.0 2.26 29.3 
0.430 0.004 0.068 183.2 3.45 0.0014 1.11 23.2 2.27 28.7 
0.430 0.007 0.070 199.0 3.54 0.0015 1.10 25.6 2.25 29.0 
0.430 0.010 0.071 214.0 3.73 0.0012 1.01 27.9 2.25 29.3 
0.430 0.013 0.073 221.5 3.83 0.0012 0.99 29.3 2.26 29.9 
0.430 0.016 0.079 238.8 3.94 0.0011 1.04 32.7 2.26 30.9 
0.430 0.019 0.082 247.3 3.94 0.0013 1.11 33.6 2.28 31.0 
0.430 0.022 0.084 255.5 3.94 0.0010 1.00 34.5 2.28 30.8 
0.430 0.025 0.085 257.3 3.83 0.0011 0.97 35.2 2.28 31.1 
0.430 0.028 0.092 267.6 3.83 0.0012 1.14 38.0 2.28 32.3 
0.430 0.031 0.099 269.6 3.83 0.0012 1.17 39.6 2.30 33.7 
0.430 0.034 0.106 267.3 3.63 0.0013 1.15 40.3 2.32 34.9 
0.430 0.037 0.107 261.8 3.63 0.0014 1.16 39.1 2.32 34.7 
0.430 0.040 0.112 255.1 3.37 0.0015 1.18 38.7 2.34 35.6 
0.430 0.043 0.118 253.4 3.45 0.0017 1.36 38.8 2.35 36.0 
0.430 0.046 0.116 231.6 3.21 0.0019 1.34 35.5 2.36 36.2 
0.430 0.049 0.117 219.5 3.14 0.0020 1.47 34.1 2.36 36.7 
0.430 0.052 0.120 206.9 3.07 0.0022 1.62 32.0 2.36 36.5 
0.430 0.055 0.117 183.3 2.60 0.0024 1.51 28.0 2.38 36.4 
0.430 0.058 0.110 158.9 2.60 0.0027 1.55 24.2 2.36 35.9 
0.430 0.061 0.113 153.3 2.60 0.0029 1.73 24.0 2.40 37.5 
0.430 0.064 0.115 139.0 2.60 0.0034 2.03 22.4 2.40 38.7 
0.430 0.067 0.102 114.7 2.19 0.0034 1.78 17.2 2.41 36.2 
0.430 0.071 0.092 90.1 2.12 0.0039 1.92 13.4 2.39 35.5 
0.430 0.076 0.082 67.5 1.75 0.0051 2.13 10.1 2.36 35.3 
0.430 0.086 0.066 39.6 1.82 0.0066 2.81 5.42 2.42 33.1 
0.430 0.096 0.037 17.9 1.62 0.0071 3.46 2.06 2.29 26.3 
0.430 0.126 0.010 3.4 0.69 0.0080 2.51 0.23 2.29 15.8 
0.430 0.156 0.002 1.1 -0.95 0.0020 0.11 0.01 -- 92.7 
 
F-29 
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Fig. F-3 - Time-averaged void fraction (left: V1 = 2.49 m/s, right: V1 = 3.80 m/s) as function of the 
horizontal position 
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Fig. F-4 - Time-averaged void fraction (left: V1 = 5.55 m/s, right: V1 = 7.43 m/s) as function of the 
horizontal position 
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Fig. F-5 - Dimensionless bubble count rate (left: V1 = 2.49 m/s, right: V1 = 3.80 m/s) as function of 
horizontal the position 
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Fig. F-6 - Dimensionless bubble count rate (left: V1 = 5.55 m/s, right: V1 = 7.43 m/s) as function of 
the horizontal position 
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Fig. F-7 - Dimensionless bubble count rate as function of the time-averaged void fraction – V1 = 
2.49 m/s 
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Fig. F-8 - Dimensionless bubble count rate as function of the time-averaged void fraction – V1 = 
3.80 m/s 
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Fig. F-9 - Dimensionless bubble count rate as function of the time-averaged void fraction – V1 = 
5.55 m/s 
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Fig. F-10 - Dimensionless bubble count rate as function of the time-averaged void fraction – V1 = 
7.43 m/s 
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Fig. F-11 - Time-averaged air-water interfacial velocity – V1 = 2.49 m/s – as function of the time-
averaged void fraction 
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Fig. F-12 - Time-averaged air-water interfacial velocity – V1 = 3.80 m/s – as function of the time-
averaged void fraction 
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Fig. F-13 - Time-averaged air-water interfacial velocity – V1 = 5.55 m/s – as function of the time-
averaged void fraction 
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Fig. F-14 - Time-averaged air-water interfacial velocity – V1 = 7.43 m/s – as function of the time-
averaged void fraction 
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Fig. F-15 - Auto-correlation time scale – V1 = 2.49 m/s – as function of the horizontal position. 
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Fig. F-16 - Auto-correlation time scale – V1 = 3.80 m/s – as function of the horizontal position 
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Fig. F-17 - Auto-correlation time scale – V1 = 5.55 m/s – as function of the horizontal position 
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Fig. F-18 - Auto-correlation time scale – V1 = 7.43 m/s – as function of the horizontal position 
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Fig. F-19 - Turbulence intensity (left: V1 = 2.49 m/s, right: V1 = 3.80 m/s) as function of the 
horizontal position 
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Fig. F-20 - Turbulence intensity (left: V1 = 5.55 m/s, right: V1 = 7.43 m/s) as function of the 
horizontal position 
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Fig. F-21 - Turbulence intensity as function of the bubble count rate – V1 = 2.49 m/s 
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Fig. F-22 - Turbulence intensity as function of the bubble count rate – V1 = 3.80 m/s 
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Fig. F-23 - Turbulence intensity as function of the bubble count rate – V1 = 5.55 m/s 
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Fig. F-24 - Turbulence intensity as function of the bubble count rate – V1 = 7.43 m/s 
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Fig. F-25 - Cluster count rate (left: V1 = 2.49 m/s, right: V1 = 3.80 m/s) as function of horizontal the 
position 
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Fig. F-26 - Cluster count rate (left: V1 = 5.55 m/s, right: V1 = 7.43 m/s) as function of horizontal the 
position 
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Fig. F-27 - Average number of bubbles in cluster (left: V1 = 2.49 m/s, right: V1 = 3.80 m/s) as 
function of the horizontal position 
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Fig. F-28 - Average number of bubbles in cluster (left: V1 = 5.55 m/s, right: V1 = 7.43 m/s) as 
function of the horizontal position 
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Fig. F-29 - Proportion of bubbles in clusters – V1 = 2.49 m/s, right – as function of the horizontal 
position 
 
y/d1
Pro
por
tio
n o
f b
ub
ble
s in
 clu
ste
r (%
)
-2 0 2 4 6 8 10 12 14
0
10
20
30
40
50
60
70
80
90
100
x-x1 = 0.02 mx-x1 = 0.03 mx-x1 = 0.05 mx-x1 = 0.07 mx-x1 = 0.10 mx-x1 = 0.13 mx-x1 = 0.16 mx-x1 = 0.24 m
 
Fig. F-30 - Proportion of bubbles in clusters – V1 = 3.80 m/s, right – as function of the horizontal 
position 
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Fig. F-31 - Proportion of bubbles in clusters – V1 = 5.55 m/s, right – as function of the horizontal 
position 
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Fig. F-32 - Proportion of bubbles in clusters – V1 = 7.43 m/s, right – as function of the horizontal 
position 
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Fig. F-33 - Probability density function of bubble chord length – V1 = 2.49 m/s, top: x – x1 = 0.02 
m; middle: x – x1 = 0.05 m; bottom: x – x1 = 0.10 m 
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Fig. F-34 - Probability density function of bubble chord length – V1 = 2.49 m/s, top: x – x1 = 0.16 
m; bottom: x – x1 = 0.24 m 
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Fig. F-35 - Probability density function of bubble chord length – V1 = 3.80 m/s, top: x – x1 = 0.02 
m; middle: x – x1 = 0.05 m; bottom: x – x1 = 0.10 m 
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Fig. F-36 - Probability density function of bubble chord length – V1 = 3.80 m/s, top: x – x1 = 0.16 
m; bottom: x – x1 = 0.24 m 
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Fig. F-37 - Probability density function of bubble chord length – V1 = 5.55 m/s, top: x – x1 = 0.02 
m; middle: x – x1 = 0.05 m; bottom: x – x1 = 0.10 m 
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Fig. F-38 - Probability density function of bubble chord length – V1 = 5.55 m/s, top: x – x1 = 0.16 
m; bottom: x – x1 = 0.24 m 
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Fig. F-39 - Probability density function of bubble chord length – V1 = 5.55 m/s, top: x – x1 = 0.30 
m; bottom: x – x1 = 0.35 m 
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Fig. F-40 - Probability density function of bubble chord length – V1 = 7.43 m/s, top: x – x1 = 0.02 
m; middle: x – x1 = 0.05 m; bottom: x – x1 = 0.10 m 
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Fig. F-41 - Probability density function of bubble chord length – V1 = 7.43 m/s, top: x – x1 = 0.16 
m; middle: x – x1 = 0.24 m; bottom: x – x1 = 0.30 m 
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Fig. F-42 - Probability density function of bubble chord length – V1 = 7.43 m/s, top: x – x1 = 0.35 
m; bottom: x – x1 = 0.43 m 
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F.3 SUMMARY OF CHARACTERISTIC AIR-WATER FLOW PROPERTIES 
 
Qw V1 d1 x-x1 Cmax Fmax YCmax YFmax Vmax y50 qair/qw 
m3/s m/s m m  Hz m m m/s m  
0.00683 2.49 0.01035 0.02 0.316 52.1 0.0150 0.0140 2.262 0.0281 0.380 
   0.03 0.254 56.7 0.0139 0.0139 2.091   
   0.05 0.167 59.8 0.0158 0.0158 2.156 0.0308 0.209 
   0.07 0.171 66.0 0.0187 0.0147 2.029   
   0.1 0.161 64.6 0.0205 0.0165 1.865 0.0405 0.230 
   0.13 0.150 65.3 0.0223 0.0143 1.683   
   0.16 0.115 53.2 0.0241 0.0171 1.500 0.0394 0.164 
   0.24 0.079 39.5 0.0233 0.0133 1.302 0.0454 0.157 
0.0121 3.8 0.01155 0.02 0.333 123.6 0.0190 0.0150 3.611 0.0375 0.586 
   0.03 0.328 127.4 0.0179 0.0139 3.611   
   0.05 0.271 152.7 0.0188 0.0168 3.421 0.0338 0.462 
   0.07 0.272 160.0 0.0227 0.0187 3.067   
   0.1 0.235 162.2 0.0225 0.0175 3.023 0.0451 0.361 
   0.13 0.208 156.1 0.0223 0.0203 2.816   
   0.16 0.184 139.5 0.0281 0.0181 2.653 0.0513 0.343 
   0.24 0.140 112.1 0.0313 0.0173 2.321 0.0605 0.255 
0.0188 5.55 0.01272 0.02 0.463 255.8 0.0180 0.0140 5.750 0.0319 0.587 
   0.03 0.409 259.2 0.0169 0.0169 5.520   
   0.05 0.313 281.6 0.0198 0.0168 5.750 0.0419 0.483 
   0.07 0.305 309.9 0.0207 0.0167 5.520   
   0.1 0.327 325.3 0.0225 0.0155 5.520 0.0387 0.564 
   0.13 0.257 305.5 0.0223 0.0163 4.759   
   0.16 0.276 321.5 0.0261 0.0171 4.929 0.0465 0.459 
   0.2 0.248 311.4 0.0257 0.0137 4.600   
   0.24 0.204 277.5 0.0293 0.0153 4.182 0.0510 0.372 
   0.3 0.178 247.9 0.0385 0.0185 3.632 0.0573 0.338 
   0.35 0.161 217.2 0.0398 0.0298 3.286 0.0724 0.336 
0.0283 7.43 0.01269 0.02 0.594 403.2 0.0190 0.0150 7.667 0.0323 0.785 
   0.03 0.521 429.7 0.0189 0.0169 7.667   
   0.05 0.436 449.7 0.0188 0.0178 7.263 0.0456 0.718 
   0.07 0.396 498.0 0.0227 0.0167 7.263   
   0.1 0.332 485.5 0.0215 0.0175 7.263 0.0365 0.603 
   0.13 0.311 528.2 0.0223 0.0183 6.900   
   0.16 0.278 478.9 0.0261 0.0171 6.900 0.0377 0.532 
   0.2 0.263 518.5 0.0277 0.0177 6.273   
   0.24 0.227 452.6 0.0273 0.0193 6.273 0.0453 0.439 
   0.3 0.197 436.4 0.0285 0.0205 5.520 0.0509 0.398 
   0.35 0.164 366.4 0.0338 0.0278 4.759 0.0623 0.342 
   0.43 0.120 269.6 0.0515 0.0305 3.943 0.0726 0.323 
 
F-55 
 
Notes: Cmax: maximum void fraction; d1: supported jet thickness at impingement; Fmax: maximum 
bubble count rate; Qw: water discharge; qair: air flux per unit width; qw: water discharge per unit 
width; Vmax: maximum velocity; V1: impact velocity; x: longitudinal distance from the nozzle; x1: 
inflow jet length (x1 = 0.1 m); YCmax: characteristic transverse location where C = Cmax; YFmax: 
characteristic transverse location where F = Fmax; y50: characteristic transverse location where V = 
Vmax/2; shaded data: data recorded below the downstream end of jet support. 
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